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General Introduction
Within the last decade it has been generally accepted by 
nest neurophysiologists that transmission between the majority of 
nerve cells is accomplished by chemical mediators* (Fatt, 1954; 
Eccles, 1957; Grundfest 1957)« Indeed the only example of electric­
al transmission that has been reported, is that at certain synapses 
of the crayfish« (Furshpan and Potter 1957)«
The possibility that synaptic transmission in the mammalian 
central nervous system could be chemical was first envisaged by Dale 
(1954) when discussing the evidence for cholinergic transmission at 
ganglionic and neuromuscular synapses» He pointed out that accept­
ance of chemical transmission at these sites would involve the wider 
aspect of similar transmission at central synapses* Prior to this, 
Feldberg and Minz (1952) had observed an excitatory action of acetyl­
choline in the oatts spinal cord, and acetylcholine continues to be 
the most widely investigated substance as a possible excitatory 
synaptic transmitter*
To qualify as the transmitter at a particular synapse, a 
chemical substance must fulfill certain requirements, these being 
based upon the studies of synaptic transmission at neuromuscular 
synapses (Paton 1958); (a) the substance must be present in the pro- 
synaptic terminals (b) there must be evidence of an enzymic system in 
the presynaptic neuron capable of synthesising the substance (c) the 
substance should be released in pharmacologically identifiable form 
from the presynaptic neurone under conditions of physiological stimu­
lation, (d) when applied artificially into the vicinity of the post-
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synaptic receptors, the substance should reproduce the effects of the 
naturally released transmitter (e) the naturally released transmitter 
and the substance should both be antagonised by the same competitive 
blocking agents (f) an enzyme may be present to remove the released 
transmitter* The present investigation has been concerned with 
clauses (d) (e) and (f)* Substances have been applied artificially 
into the vicinity of neuronesf in some oases together with blocking 
or potentiating agents, and the cell responses compared with those 
produced by the naturally released transmitter*
The methods of determining the action of chemical compounds 
upon neurones in the central nervous system have developed slowly 
since Feldberg and Hinz (1932) first injected acetylcholine into the 
venous system of cats and observed its excitatoxy action on the 
nervous system* This method, and methods whereby agents were in­
jected into arterial systems other than that of the spinal cord, gave 
a variety of conflicting results with both acetylcholine and adrenal­
ine (Burn 1945)* These results were probably due in part to the 
stimulation of peripheral receptors (Gray 1959)* In an attempt to 
overcome some of these problems Bulbring, Burn and Skoglund (1946) 
developed the technique of close intra-arterial injection, with con­
current deafferentation of the spinal cord* This technique has been 
widely used since* Topical application of drugs on to the dorsum of 
the spinal cord (Bernhardy Skoglund and Therman 1947; Florey and 
McLennan 1955) and dirsot injection into the spinal oord (Kennard, 
1955; Brooks Curtis Eooles, 1957) were also successfully attempted* 
The technique of iontophoretio application of drugs from a 
micropipette (Nastuk, 1953; del Castillo and Katz,ül955) into the
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immediate vicinity of cells was successfully applied to the spinal 
cord by Curtis and Socles (1958 a and b)« This technique has been 
used in the present investigation to study the effects of a range of 
amino acids on single cells in the dorsal horn of the spinal cord of 
the cat as well as for testing several substances which have trans­
mitter or pharmacological actions elsewhere in the bo^y« The synap­
tic activation of Bensh&w cells has been further investigated; espec­
ially in relation to volleys entering the spinal cord along the 
dorsal roots«
These results were then supplemented by an examination of the 
responses of the isolated; hemiseoted toad spinal cord to the same 
substances« These experiments were performed in order to determine 
whether amphibian spinal cords could be used to assay transmitter sub­
stances extracted from mammalian nervous tissue«
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A* Pharmacological Investigations Upon Single Cells in 
tho Mammalian Spinal Cord,
Introduction«
Tho intra-vascular and topical routes of drug administration 
on ’which mary analyses of the pharmacology of single cells of the 
mammalian spinal cord have depended in the past suffered from several 
limitations*
Mary of the substances applied possessed the ability to ex­
cite a range of peripheral receptor organs (Gray 1959) and in mary 
investigations these peripheral actions may have been responsible for 
the alterations in spinal cord activity* The presence of the blood- 
brain barrier, which may hinder the access of many compounds to 
centrally located neurones, makes it even more likely that mary re­
ported central actions were indirectly evoked from the periphexy«
Sven when peripheral actions had been excluded by deafferentation of 
the spinal cord, the possibility of localised vascular changes within 
the spinal cord remained* Moreover, it was frequently impossible to 
determine on which neurones the drug was acting* Thus Fernandez de 
Molina, Gray and Palmer (1958) were able to record the discharges of 
dorsal horn oells in de-afferented spinal cords of oats following the 
intra-arterial infection of acetylcholine but were unable to localise 
the site of action of the drug* By the use of a combination of drugs 
which excite or block at peripheral cholinergic synapses, Socles, Fatt 
and Koketsu (1954) Eccles, Socles and Fatt (1956) obtained convincing 
evidence that transmission between motor axon collaterals and Benshaw 
oells was cholinergic in nature* That this was indeed the case was 
fully established by Curtis and Secies (1958 a and b) using the ionto- 
phoretio technique* In this latter case, however, the uniqueness of
5th e  o e l ls  an a to m ica l oonneotions g re a t ly  f a c i l i t a t e d  the  exam ination 
of t h e i r  pharmacology*
The advantages gained  by u s in g  the io n to p h o re tic  technique 
a re  m u lt ip le ,  though t h i s  method too has i t s  lim ita tio n s«  Sm all 
amounts o f  d rug  can  be ap p lie d  a t  c lo se  range to  re c e p to r s  th u s  simu­
l a t in g  c lo s e ly  th e  r e le a s e  o f  n a tu ra l  t r a n s m i t te r s  and a llo w in g  a study 
to  be made o f  th e  k in e t ic s  o f  drug re c e p to r  r e a c t io n s  (d e l C a s t i l lo  and 
Katz 1957)« Sm all q u a n t i t ie s  o f  drug  can be a p p lie d  lo c a l ly  in  the  
s p in a l cord w ith o u t th e  p re s s o r  and o th e r  p e r ip h e ra l  a c tio n s  t h a t  a re  
po ssessed  by mazy o f  th ese  pharm aco log ica lly  a c t iv e  drugs* When drugs 
a re  ad m in is te red  sy s t a t i c a l l y  th e  frequency  o f a d m in is tra tio n  i s  l im i t ­
ed by th e  r a te  o f  rem oval o f  su b s ta n c es  from th e  body ,  a  problem  th a t  
does n o t a r i s e  w ith  very  l im ite d  amounts passed  io n to p h o re tic  a lly #
The b lood b ra in  b a r r i e r  (fcrogh 1946; T sc h irg i 1952; Manexy 
1954; Bakay 1956; D&vson 1957) w ith  the l im i ta t io n s  i t  p la c e s  on the 
access  o f  d ru g s  from th e  blood stream  in to  the c e n t r a l  nervous system 
i s  avoided# Thus su co izy lch o lin e  and ace ty l-B-me t  fry ic h o lin e  which 
were w ith o u t e f f e c t  on Benshaw o e l l s  when ac fa in is te re d  by i n t r a - a r t e r ­
i a l  in je c t io n  (E ccles e t  a l  1956) proved to  be e x c ita n ts  when a p p lie d  
io n to p h o re tic a lly «  (C u r tis  and E cc les 1958 a ) .
The problem  o f  sy n a p tic  b a r r ie r s  i n  the im&ediate v ic in i ty  o f  
o e l l s  s t i l l  remains* On th e  b a s is  o f  t h e i r  ex p erim en ta l o b se rv a tio n s , 
S o c le s  e t  a l  (1956), C u rtis  and S oc les (1958 b) concluded th a t  such a 
b a r r i e r  e x is te d  around Renshaw c e l l s  in  re s p e c t to  decamethonium* O ther 
d i f f i c u l t i e s  a r i s in g  from th e  techn ique  o f  io n to p h o re tio  a p p lic a t io n  o f  
d rugs in c lu d e  those a r i s in g  from th e  l im ite d  maximal e x t r a c e l lu la r  con­
c e n tr a t io n s  o b ta in a b le , and the  co m p lica tio n s  a sso c ia te d  w ith  the p a s s -
age o f e l e c t r i c a l  c u r re n ts  through s in g le  and m u lt ib a r r e l  m icro« 
p ip e tte s«  These w i l l  be d iscu ssed  more f u l ly  i n  th e  methods*
7
Method»« (a ) The Preparation.
All experiments were performed upon neurones located in the 
lower lumbar and saoral segments of the spinal cord of the cat under 
light pentobarbital sodium anaesthesia* The animals were maintained 
at constant temperature (3^-57° C) by the use of a heating pad be­
neath them and heating elements were immersed in the paraffin pool 
with which the exposed spinal oord was covered* In most experiments 
the ventral roots of the first and second sacral (S 1 and 2) and sixth 
and seventh lumbar (L 6 and 7) segments were divided and mounted on 
platinum electrodes for stimulation* Following dissection of the 
left hind limb, cutaneous and muscular branches of the left soiatio 
nerve were out and mounted on stimulating electrodes, the exposed 
nerves being covered with paraffin oil* heating elements were also 
immersed in this pool* The quadriceps nerve was stimulated by means
of a buried electrode* The animal was mounted in a frame of extreme
rigidity to which was also attached the mioromanipulator carrying the 
mioroeleotrode (Socles, Fatt, Landgren and Winsbuxy 1954)* The left 
cephalic vein was cannula ted to provide for the intravenous administra­
tion of pentobarbital sodium and other pharmacological agents during 
the course of experiments*
Individual cells were classified as intemeurone», mo to­
ne urones and Benshaw cells and could be identified by their responses 
to dorsal and ventral root volleys* Interneurones responded repetit­
ively to a single afferent volley in afferent fibres of skin and 
muscle nerves* No attempt was made, however, to classify these oells 
upon which there is a considerable convergence of afferent impulses 
Kolmodin (1957)* In contrast to Renshaw oells they were not fired
8
when the ventral root was stimulated* Moto-neurones have character­
istic spike potentials in response to dorsal or ventral root volleys 
and are unable to follow high frequency repetitive stimulation of 
either dorsal or ventral roots# Benshaw oells are fired repetitively 
at high frequency by ventral root volleys, are found only in the 
medial portion of the ventral horn (Bodes et al 1954) and may also 
respond to volleys in the dorsal roots*
(b) Micropipettea.
Pharmacological investigations of either single cells or 
groups of cells were carried out using double barrel,, five barrel or 
co-axial electrodes# The doyble barrel electrodes (Coombs, Eccles 
and Fatt 1955 a; Curtis, Phillis and Watkins 1959) consisted of two 
pyrex tubes fused together, the end of one tube being bent to form a 
side axn# five barrel electrodes, Fig# 1 (Curtis and Eccles 1958 a) 
were made by fusing four tubes axially around a central tube# Both 
double and five barrel eleotrodes were fashioned from pyrex tubing of 
5#0 mm external and 2#0 mm internal diameter* The electrodes were 
pulled in a vertical electrode pulling machine similar to that describ­
ed by Winsbuzy (1956)# Before filling, the electrode tips were broken 
back to a suitable diameter by repeated stubbing of the tips with a 
fine (iOyO glass rod held in a de Fonbrun micromanipulator, the opera­
tion being conducted under a high power microscope* Care was taken 
to select slectrodes in which all of the barrels had broken at approxim­
ately the same level, leaving a square or slightly oblique tip* For 
double barrel electrodes a total tip diameter within the range of 5-6 p 
was satisfactory and for five barrelled electrodes 6-14 p  tips were
9.
A dequate, The e le c tro d e s  were th en  f i l l e d  w ith  d i s t i l l e d  w ater by 
b o i l in g  them a t  atm ospheric  p re s su re  f o r  20*30 m inu tes and a f t e r  a  
f u r th e r  m ic ro sco p ica l exam ination  were h e ld  i n  v e r t i c a l  ra c k s  w ith  
the t ip s  immersed in  d i s t i l l e d  w a te r . The d i s t i l l e d  w a ter was th e n  
w ithdrawn from th e  in d iv id u a l  b a r r e l s  by s u c tio n , u s in g  a  f in e  p o ly ­
thene tu b in g  in s e r te d  from above, A s im ila r  tu b e  was th en  used to  
p la c e  drug o r reo o rd in g  e le c t r o ly te  s o lu t io n s  in  the e le c t ro d e ,  tak ­
in g  c a re  t h a t  no a i r  bubbles p rev en ted  i t  m ixing w ith  the sm a ll 
amount o f  w ater rem ain ing  in  the narrow s h a f t  of th e  e le o tro d e . One 
b a r r e l  o f  th e  double b a r r e l  e le o tro d e  and th e  c e n t r a l  b a r r e l  o f  the 
f iv e  b a r r e l  e le c tro d e s  were f i l l e d  w ith  4M sodiun c h lo rid e  s o lu t io n  
and used a s  th e  re c o rd in g  b a r r e l .  The o th e r  b a z re ls  were f i l l e d  w ith 
s a tu ra te d  s o lu t io n s  o f  th e  su b stan ces  to  be te s te d ,  The r e s is ta n c e s  
of th e  sodium c h lo rid e  f i l l e d  b a r r e ls  were u su a lly  w ith in  the range o f 
3-10 M& whereas th o se  o f th e  d ru g  o o n ta in in g  b a r r e ls  were sometimes 
a s  h igh  a s  100-200 M&* Drug o o n ta in in g  b a r r e ls  were oo lour-coded 
w i th ja in t  o r co lou red  FVC r in g s  and th e  e le c tro d e s  were l e f t  s tan d in g  
f o r  46 hours to  a llo w  th e  sub stan ces  to  d if fu se  down to th e  e le c tro d e  
t i p .
The o c -e x ia l  e le c tro d e s  were made from two pyrex  tu b e s , an 
in n e r  tube o f  2 mm in te r n a l  d iam e te r and 3 am e x te r n a l  d iam eter and 
an o u te r  tube o f  5 mm in te r n a l  d iam e te r and 7 mm e x te rn a l  d iam e te r .
The c e n t r a l  b a r r e l  was f i l l e d  w ith  3 MKCl o r  0«6M K2 SO4 by b o i l in g  i t  
a t  reduced p re s su re  in  th e se  s o lu t io n s ;  e le c tro d e s  used had r e s i s t ­
ances in  the  range o f  1-15 Mil* When making the  o u te r  b a r r e l s ,  care  
had to  be ta k e n  th a t  t h e i r  ta p e r  corresponded w ith  th a t  o f  th e  in n e r  
e le c tro d e s .  The t i p  of th e  o u te r  b a r r e l  was broken baok w ith  the
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m icrom anipu la to r to  4-10 p  and i t  was th en  f i l l e d  by su c tio n  w ith  i t s  
t i p  in  a  f i l t e r e d  s o lu t io n  o f  th e  drug to  be t e s t e d .  Both b a r r e ls  
were r ig id ly  a tta c h e d  to  a sm a ll assembly which p e rm itte d  ad justm en t 
o f  th e  d is ta n c e  by w hich th e  c e n t r a l  re c o rd in g  b a r r e l  p ro je c te d  be­
yond th e  o u te r  drug c o n ta in in g  b a rre l«  For e x t r a c e l lu la r  re c o rd in g , 
a  p r o je c t io n  o f  th e  o rd e r o f  2 -4  p  was s a t i s f a c to r y  b u t when the 
c e n t r a l  b a r r e l  was used fo r re c o rd in g  i n t r a c e l l u l a r l y  from m otoneur- 
ones w h i ls t  substances were passed  from the o u te r  b a r r e l  in to  th e  
im m ediately a d ja c e n t e x t r a c e l lu la r  sp aces , a  p ro je c t io n  o f 50*60 p  
was n e ce ssa ry .
The amount o f ary  substance  passed  io n to p h o re t ic a l ly  from 
i t s  s o lu t io n  in  an e le c tro d e  i s  p ro p o r t io n a l  to  th e  c u r re n t  used* I n
o rd e r to  o b ta in  a  h ig h  c o n c e n tra tio n  n ear th e  t i p  o f  th e  e le c t r o d e ,  i t  
was o f te n  necessa ry  to  p a ss  c u r re n ts  o f  100-200 fflpA and when such cu r­
r e n ts  had to  be m ain ta ined  fo r  s e v e r a l  m in u te s , i t  was necessary  fo r
s e v e ra l  reasons to  l im i t  th e  r e s is ta n c e  o f  d ru g  c o n ta in in g  b a r r e ls  to  
80-100 MU* The passage o f  c u r re n t  th rough  e le c tro d e s  having r e ­
s is ta n c e s  g re a te r  th an  80-100 MÄ o f te n  produced co n s id e ra b le  f lu c tu a ­
t io n s  i n  t h i s  r e s is ta n c e  and c o n s ta n t c u r re n ts  cou ld  n o t be m aintained« 
In  a d d it io n  such e le c tro d e s  were f re q u e n tly  n o is y , and e f f e c t iv e  r e -  
oord ing  became im p o ssib le  w ith  c u rre n ts  o f  over 50-60 a  pA s in ce  the
drug c o n ta in in g  b a r r e l  was c a p a o itiv e ly  coupled  to  th e  re c o rd in g  
b a rre l«
These problem s were p a r t ly  overoome by in c re a s in g  th e  t i p  
d iam eter o f  the  m ic ro p ip e tte , so t h a t  i t s  r e s i s ta n c e  when f i l l e d  w ith
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e le c t r o ly te  d ecreased ; by u s in g  th e  more so lu b le  s a l t s  o f the drugs 
be ing  te s t e d ;  o r  by in c re a s in g  th e  degree o f io n is a t io n  o f  th e  sub­
s ta n c e , i f  t h i s  was p re se n t as a  z w it te r io n , by th e  cho ice  o f  an 
a p p ro p ria te  pH« The l im it in g  t i p  s iz e  depends on the  e x te n t  o f  th e  
p ly s ic a l  damage caused to  s p in a l neurones* I n  g e n e ra l , e le o tro d e s  
w ith  t i p  d iam eters  o f  up to 14 y. cou ld  be used s u c c e s s fu l ly , b u t 
f u r th e r  in c re a s e s  in  s iz e  made i t  v e ry  d i f f i c u l t  to  lo c a te  and r e ­
cord from s in g le  neurones* The use o f a  "b rak in g ” o r "back ing” 
c u rre n t to  p re v e n t d if fu s io n  from m ic ro p ip e tte s  has been d e sc r ib e d  by 
C a s t i l lo  and Katz (1955)* I n  the p re s e n t s e r ie s  o f experim ents a 
s tan d ard  back ing  v o ltag e  of 0*5V was found to  be adequate to  c o n tro l  
d iffu s io n *
ted  in  aqueous s o lu t io n ,  such a3 th e  qu a te rn ary  ammonium compounds, 
the r e s is ta n c e s  and hence th e  o u rre n ts  o b ta in a b le  depend on the  con­
c e n tr a t io n  o f  the  e l e c t r o ly te .  F or su b stan ces  w hich a re  n o t f u l l y  
d is so c ia te d  in to  an ions and c a t io n s  i n  aqueous s o lu t io n ,  the o u r re n ts  
o b ta in ab le  depend n o t only on the c o n c e n tra tio n  b u t a lso  upon the  ex­
t e n t  of the  d is s o c ia t io n .  The l a t t e r  can be v a rie d  by changes in  pH* 
N e u tra l amino ac id s  e x i s t  i n  aqueous s o lu t io n  m ainly in  the z w i t te r -  
io n ic  form* C a tio n ic  o r  an io n ic  fo ra s  o f  amino a c id s  can be o b ta ined  
i n  s u f f ic ie n t ly  a c id ic  o r  b a s ic  s o lu t io n s  r e s p e c t iv e ly ;  th e  a c tu a l  pH 
re q u ire d  i n  any p a r t i c u la r  case be ing  determ ined  by the pKa v a lu e s  o f 
the p a r t i c u la r  amino acid*
c a t io n s ,  th e  r e q u is i t e  io n ic  c h a ra c te r  be ing  o b ta in ed  by ad justm en t of 
t h e i r  s a tu ra te d  aqueous s o lu tio n s  to  pH 5-4* This co n fe rre
For s tro n g  e l e c t r o l y t e s ,  th a t  i s ,  su b stan ces  f u l ly  d is s o o ia -
Amino-monocarboxylic ac id s  were more e f f e c t iv e ly  a p p lie d  as
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p o s it iv e  (c a t io n ic )  charge upon th e  ac id  to  an e x te n t dependent on 
the  pH and the a c id  d is s o c ia t io n  c o n sta n t of the carb o x y l groups o f 
the amino a c id , Since c o n tro l  ex£>erirnents in d ic a te d  th a t  i n t e r -  
neurones could be e x c ite d  by hydrogen ion passed  from a c id i f ie d  NaCl 
s o lu tio n s  of pH le s s  than  2 , the  pH o f  amino a c id  so lu tio n s  was never 
below 2 ,5 ,
When m onocarboxylic amino a c id s  a re  passed  from a m icro­
p ipe t t e ,  they  would be expected  to  im m ediately take up an io n ic  form 
determ ined by th e  e x te rn a l  pH# The passage o f acids in  the c a t io n ic  
form would r e s u l t  th e re fo re  in  the re le a s e  o f one p ro to n  by each io n  
in to  th e  e x te rn a l medium. T his conclusion  was borne out by th e  ob­
se rv a tio n  th a t  ♦ inac tive*  amino a c id s  caused a l a t e  e x c i ta t io n  
s im ila r  to  th a t  observed f o r  lydrogen io n s  a lone  and having a la ten cy  
o f  16-20 seconds#
Amino d ic& rboxylic  a c id s  were re a d ily  o b ta in ab le  as an ions 
by v i r tu e  o f th e i r  second a c id ic  group, The pH o f t h e i r  aqueous 
s o lu tio n s  was ro u tin e ly  a d ju s te d  to  8 -8 ,5  w ith  sodium ly d ro x id e .
The r e s i s t i v e  co u p lin g  between the t i p s  o f  sep a ra te  b a r r e ls  
was an im portan t problem  in  the use o f  f iv e  b a r r e l  e le c tro d e s ,
(Coombs e t  a l  1955; C u r t is ,  P h i l l i s  and W atkins 1959), Thus the 
a p p lic a t io n  o f a s te a fy  c u rre n t through one b a r r e l  caused a p o t e n t i a l  
change to  be recorded  by th e  o th e rs ,  th ereby  a f fe c t in g  the movement 
o f  io n s  w ith in  them and m odifying the  r e s u l t s  o b ta in ed . S e v e ra l p re ­
c a u tio n s  were th e re fo re  taken  to  minimise th e  e f f e c t s  o f  th is  co u p lin g  
between b a r r e ls ;  the r e s i s t i v e  co u p lin g  between b a r r e ls  in  the 
e le c tro d e s  used were le s s  th an  20KH; the e le c tro p h o re t ic  c u r r e n ts  
used to  pass  substances from e le o tro d e s  r a re ly  exceeded 500 m|iA and
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as mentioned previously a backing potential of 0*5 V was placed on 
the other barrels* When determining the actions of more than one 
substance at once, care was taken to place them in diametrically 
opposite barrels of the five barrel electrode so that the resistive 
coupling would be lower*
(o) Be cording and Current Generating Equipment*
The recording barrel of the multibarrel electrodes was con­
nected via a cathode follower to amplifiers of suitable gain and 
time constant for recording the intra- or extracellular responses. 
When recording intra-cellular responses, the cathode follower was 
also oonnected to two direct coupled (DC) amplifiers* One of these 
was oonnected to a meter which indicated resting potential. This 
amplifier could also be used to activate a paper recorder in order to 
obtain a continuous measurement of resting potential* The other 
direct coupled anplifier was used to display changes in resting 
potential on the cathode ray oscilloscope* During intra-cellular 
investigations with oo-axLal electrodes "canpensating circuits'1 
(Coombs, Curtis and Bcoles 1959) were used so that current pulses 
oould be passed through the recording electrode in order to test the 
excitability of the impaled cell* The capaoitive coupling betweeh 
the barrels of co-axial electrodes (20-30 pF) prevented the simul­
taneous recording of intra- and extra-oellular spike potentials #f 
impaled cells* The capacitance to ground of the intra-cellular 
electrodes was effectively reduced by the use of a capaoity neutral­
ising circuit (Bcoles and Krnjevic 1959). This circuit was also
14;
used occasionally when recording ext race llu la r ly  with m ulti-barrel 
electrodes*
The current generating equipment consisted of five  po laris­
ing units* iso lated  from ground and capable of providing voltages o f 
0-90V of either polarity* Each polarising unit was connected to a 
mioropipette by a length of shielded cable* with a resistance of 
100-500 Mil  in  series* located close  to the electrode* In th is  
fashion the capacitive and r e s is t iv e  loading of these barrels and of 
the low impedance polarisers upon the recording electrode was reduoed 
(Coombs e t al,1955 a) and the polarisers approximated more closely  to 
a constant current source in  sp ite of fluctuations in  electrode re­
sistance* By means o f a selector switch the current flowing through 
ary one o f the five  barrels could be measured on a galvanometer* One 
cathode follower and direct coupled amplifier was used for measuring 
the voltage applied to ary one barrel* another switch being used to 
se lect the barrel required*
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(3) The Actions of / -Amlno-ri~butyric acid, g-Alanine, L-Glutamic 
aoid and I>Aspartio aoid,
(a) Historical,
The presence of these compounds in brain has only recently 
been established, Ir*glutamio acid was first identified by Krebs, 
Eggleston and Hems (1949), GABA by Awapara, Landua, Fuerst and 
Seale (1950), Roberts and Frankel (1950), Udenfriend (195o)and maiy 
of the related amino acids by Astrup,Carlstrom and Stage (1951),and 
Tallan,Moore and Stein (1954), Roberts,Frankel and Harman (1950} 
and Baxter Roberts and Eidelberg (1959) have reported that 
GABA is found in higher concentrations in grey matter than itiiite 
matter, Brody and Bain (1952) found that L-glntamic aoid was con­
centrated in the mitochondrial fraction of cells of the cerebral and 
cerebellar cortices.
Neurochemical and neurophysiological interest in GABA was 
aroused by four independent developments, (i) The discovery, men­
tioned above, that brain contains large amounts of it was followed 
(2) by Florey's extracts (1954) of mammalian central nervous system 
which inhibited the spontaneous activity of, and blocked the effeot 
of acetylcholine on the stretch receptor of the orgy fish, He call­
ed this material Factor I and in 1956 attempts to isolate this factor 
by Bazemore Elliott and Florey (1956) yielded GABA which seemed to 
account for most of the Factor I activity of the tissue. Simultan­
eously (3) Hayashi and Nagai (1956) reported that GABA and related 
compounds especially gamma-amino-p-hydroxy butyric aoid could inhibit 
convulsions induced in dogs by electrical or ohemical stimulation.
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At about the same time (4) Killam and Bain (1957) found that con­
vulsions induced in rats by the a ckn inis trat ion of semi-carbazide 
are associated with a decrease in the amount of GABA extracted from 
the rats' brains.
Factor I has since been shown to contain several active con­
stituents, (McLennan 1959, I960) including w-guanidino acids and de­
pending on its preparation may or may not contain GABA (McLennan 1958), 
Following its identification as one of the active components cf Factor 
I, GABA was tested on a variety of nervous tissues including the cray­
fish stretch receptor (Edwards and Huffier 1957); the perfused lobster 
heart (Enger and Burgen 1957); the lobster cardiac ganglion (Maynard 
1953); mammalian ileum (Hobbiger 1958) and mammalian cerebral cortex 
(Hayashi and Nagai 1956 ; (iwaoaa and Jasper 1957; Jasper, Gonzalez and 
Elliott 1958; purpura, Girado, Smith, Callan and Grundfest 1959; 
Marrazzi, Hart and Rodriguez 1958) exerting a depressant action in all 
oases*
Lissak and Endroczi (1956) also prepared an inhibitory factor 
from neural tissue, and which exerted a variety of actions similar to 
GABA* Its activity was, however, rapidly lost from aqueous solution 
and this would distinguish it from GABA,
Having identified GABA as an active constituent of Factor I, 
Bazemore, Elliott and Florey (1957) proceeded to test a few related 
amino acids and found that ^ -aiuino-B-hy droxbutyric acid, ^-alanine, 
S-amino-n-valeric acid and £*.- )(-diaminobutyric acid also possessed 
depressant activity on the crayfish stretch receptor, thou^i they were 
weaker than GABA* Brockman and Burson (1957) discovered that glutam­
ic and aspartic acids, present in their Factor I Repressed the closer
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and opener systems of th e  c r a y f is h  claw# Robbins (1959) extended 
t h i s  in v e s t ig a t io n  and found th a t  a t  low c o n c e n tra tio n s  L-glutam ic 
and L -a s p a r t ic  a c id s  e x c ite d  th e  c r a y f is h  neuro-m uscular system , b u t 
b locked in  h ig h e r  co n ce n tra tio n s*  He a lso  found th a t  GABA, 5 -am ino- 
v a le  r i c  a c id ,  p -a la n in e  and ta u r in e  re v e rs ib ly  depressed  co n trac tio n s#  
Edwards and  J& iffler (1959) and Purpura e t  a l  (1959) then 
te s te d  in  la rg e  range o f amino a c id s  and r e la t e d  su b stan ces  on the 
c r a y f is h  s t r e tc h  r e c e p to r  and mammalian c o r te x  re s p e c tiv e ly  e lu c id a t­
in g  in  each  case what appeared  to  be a  d e f in i t e  s t ru c tu re -a c t io n  
re la tio n s h ip #
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(b) E xperim en ta l Be s u i t s  w ith  GABA and ff~Alanine*
Both GABA and ß -a la n in e  have been a p p lie d  w ith  s im ila r  r e ­
s u l t s  to  in te rn e u ro n e s , motoneurones and fienshaw c e l l s ;  the r e s u l t s  
be ing  co n v en ien tly  c l a s s i f i e d  acco rd ing  to  th e  c e l l  type be in g  in ­
v e s tig a te d *
A m io ro e lec tro d e  lo c a te d  e x tra c e llu l& r ly  in  the d o r s a l  horn 
o r in te rm e d ia te  nucleus o f  th e  s p in a l  cord o f the c a t  reco rd s  a  com­
p le x  response Fig* 2 when an a f f e r e n t  nerve i s  s tim u la te d  (Coombs, 
C u rtis  and Landgren 1956)* Synchronous im pulses in  th e  p ie  sy n ap tic  
prim ary a f f e r e n t  f ib r e s  g ive r i s e  to  a  d ip h a s ic  response w ith  an 
i n i t i a l  p o s i t i v i t y  fo llow ed by a n e g a tiv ity *  Then th e  e x t r i n s i c  
c u rre n t flow  g en era ted  by th e  e x c i ta to r y  p o s t sy n ap tic  p o te n t ia l s  
and subsequent d isch arg e  o f  in te rn e u ro n e s  w i l l  produce a  negative  
p o te n t i a l ,  w ith  superimposed sp ik e s  i f  a d isc h a rg in g  in te rn eu ro n e  i s  
in  th e  immediate v ic in i ty  o f th e  e le c tro d e  t i p .  These negative  
fo c a l  sy n ap tic  p o te n t ia l s  a re  c re a te d  by c u rre n t flow ing from r e l a t i v e ­
ly  remote sou rces tow ards a c t iv e ly  d e p o la r ise d  membrame lo c a ted  near 
th e  e le c tro d e  tip *  (Brooks and E cc le s  1947)* I f  th e  d isch a rg e  o f  
c e l l s  in  th e  immediate v ic in i ty  o f  the e le c tro d e  t i p  i s  p rev en ted  by 
th e  lo c a l is e d  a p p lic a t io n  o f a d ru g  which d ep re sses  the g e n e ra tio n  o f  
p o s t-s y n a p tic  p o te n t i a l s ,  such as GABA o r  J i-a la n in e , the negative  
e x t r a c e l lu la r  f i e ld s  a re  re p la ce d  by p o s i t iv e  p o te n tia ls*  T h is  i s  
presum ably due to  th e  co n v ersion  o f  th e  a rea  around th e  e le c tro d e  t i p  
from an a c tiv e  sink  f o r  e x t r a c e l lu la r  c u rre n t in to  a  source o f  c u r r ­
e n t f o r  more d is ta n t  and th e re fo re  s t i l l  a c tiv e  neurones* Purpura a t  
a l  (1959) have a ttem pted  to  d e sc r ib e  t h i s  co n v ersion  o f negative
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p o te n t ia l s  in to  p o s i t iv e  p o te n t ia ls  as an unmasking o f p rev io u s ly  
submerged in h ib i to r y  p o te n t ia l s  due to  a  s p e c i f ic  dep ress io n  o f ex­
c i ta to r y  p o s t- s y n a p tic  p o te n t i a l s  by GABA and J3-a lan ine . I n  the 
p re s e n t s e r ie s  o f ex p erim en ts , however, GABA and jß-alanine were fcund 
to  depress in h ib i to r y  a s  w ell as e x c i ta to r y  p o s t-s y n a p tic  p o te n tia ls *  
The d e p re ssan t a c t io n  o f GABA on such a neg a tiv e  p o t e n t i a l  
a s  d e sc rib e d  above i s  shown in  F ig . 2* The c o n tro l  resp o n ses  (a) 
and (b ) were recorded  w ith  a double b a r r e l  e le c tro d e  and were evoked 
by maximal s tim u la tio n  o f th e  p e ro n ea l n e rv e , o o n s is t  o f  a  sm all 
t r ip h a s ic  re sp o n se , s ig n a l l in g  th e  v o lle y  a r r i v a l  a t  th e  su rfa c e  o f 
the c o rd , fo llow ed by a  la r g e r  n eg a tiv e  p o te n t i a l  on which a re  su p er­
imposed the  sp ik e  re sp o n ses  o f  an a d ja c e n t c e l l .  A c a t io n ic  c u r re n t  
o f  40 mjiA was used to  pass GABA out o f th e  m ic ro p ip e tte  and re c o rd s  
(C) and (D) were taken  4 and 6 seconds l a t e r .  The backing p o t e n t i a l  
was then  re s to re d  to  the e le c tro d e  and responses (E) and (F) were 
recorded  2 and 4 seconds l a t e r  re s p e c t iv e ly .  The negative f i e l d  
p o te n t i a l  was g re a t ly  reduced in  m agnitude and i t s  l a t e r  p o r t io n  was 
re p laced  by a p o s i t i v i t y ,  th e  sp ike responses hav ing  been la rg e ly  
a b o lish e d . F ig . 3 i l l u s t r a t e s  the a c t io n s  o f  GABA and ^ -a la n in e  ap­
p l ie d  from sep a ra te  b a r r e ls  o f  a  l iv e  b a r r e l le d  e le c tro d e  on a 
n eg a tiv e  f i e ld  p o te n t ia l  in  th e  d o r s a l  horn . The upper beams o f  F ig . 
3 (A) and (b) i l l u s t r a t e  th e  f i e l d  p o te n t ia l s  evoked by s tim u la tio n  
o f  th e  tib i& l nerve a t  a  frequency  o f  I  p e r  second. The lower beam, 
in  each  c a se , re co rd s  th e  c u r r e n t  p a s s in g  through the b a r r e l  c o n ta in ­
in g  th e  jB-alanine o r  GABA s o lu t io n s .  ^ -A lan ine  and GABA bo th  had 
ra p id  o n se ts  o f a c t io n  b u t c h a r a c t e r i s t i c a l l y  ^ -a la n in e  had a  c o n s ta n t 
d e p re ssa n t a c t io n  whereas GABA re q u ire d  a  g r e a t e r  c u rre n t to  produce
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th e  seme percen tag e  d ep re ss io n  and d id  no t have a c o n s ta n t a c t io n  
bu t p ro g re s s iv e ly  d ec lin ed  to  a  p la te a u .
The o rth o d ro m ica lly  and chem ica lly  evoked sp ike  re sp o n ses  
o f in te rn e u ro n e s  were r e a d i ly  blocked toy GABA and p-a l& nine . F ig .4  
was recorded  w ith  th e  e le c tro d e  t i p  in  c lo se  p rox im ity  to  a n  in tern- 
neurone which was f i r i n g  in  response  to  s tim u la tio n  o f th e  su p e r f ic ­
i a l  p e ro n e a l nerve . The d isch a rg e s  o f  th e  c e l l  (a) were e n t i r e ly  
ab o lish ed  when a c a t io n ic  c u r re n t  o f 80 mpA passed  jä-a lan ine  in to  
the  v i c in i t y  o f  th e  o e l l  (B ). The neg a tiv e  fo c a l  sy n ap tic  p o te n t ia l  
was d e c rea se d , i t s  l a t t e r  phase re v e rs in g  t o  a sm all p o s i t i v i t y .  The 
a c tio n  o f  th e  J3-alanine was ra p id ly  re v e rsa b le  a s  shown in  (c)* 4 
seoonds a f t e r  th e  c e s s a t io n  o f  th e  ap p ly in g  c u r r e n t .  p -A lanine and 
GABA e f f e c t iv e ly  blocked th e  s y n a p tic  a c t iv a t io n  o f a l l  in te m e u ro n e s  
on which they were t e s t e d ,  in c lu d in g  th o se  respond ing  to  s tim u la tio n  
o f  b o th  sk in  and muscle a f f e r e n t  n e rv es. These substances a ls o  p re ­
ven ted  th e  e x c i ta t io n  o f c e l l s  by lo c a l ly  a p p lie d  chcm ioal a g e n ts , 
such as g lu tam ic  a c id . F ig . 4 (D) i l l u s t r a t e s  an o th er c e l l  whioh 
responded to  a f f e r e n t  s t im u la t io n  in  th e  p e ro n e a l n e rv e , and was f i r ­
ed by L -g lu tam ic a c id . L -g lu tam ic a c id  was ap p lied  co n tin u o u sly  d u r ­
in g  th e  re c o rd s  (D-F) by a c u r re n t  o f 50 myiA. When y -a la n in e  was 
p assed  s im u ltaneously  from an o th e r b a r r e l  o f  th e  f iv e  b a r r e l  e le c tro d e  
by a c u r r e n t  o f 80 mpA (E ) , th e  I/-g lu tam ic a c id  f a i l e d  to  f i r e  the 
o e l l .  However, 2 seoonds a f t e r  th e  c e s s a t io n  of th e  p -a la n in e  apply­
in g  c u r r e n t ,  the c e l l  recommenced f i r i n g  w ith  the Ir*glutam ic a c id .
Bsnsh&w c e l l s  were ^ y n a p tic a lly  a c t iv a te d  by a c e ty lc h o lin e  
(E ocles e t  a l  1954) and io n to p h o r e t ic a l ly  a p p lie d  a c e ty lc h o lin e  f i r e s  
them r e p e t i t i v e ly .  (C u rtis  and E c c le s  1958 a ) . The responses o f  such
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a c e l l  to ventral root stimulation Pig. 5 (a) were e ffectiv e ly  
blocked by GABA applied with a cationic current of 50 mpamp (B).
Ten seconds after the cessation of application of GABA the responso 
had recovered (c) + JJ-Alanine was equally effective  in depressing 
the responses.
The responses o f Renshaw c e lls  to iontophoretically applied 
acetylcholine were also depressed by GABA and J3-alanine + The spikes 
illu strated  in  Pig. 5 (D-F) were recorded from the same Renshaw c e l l  
as (A—C), during the iontophoretic application o f acetylcholine.
GABA was then passed concurrently with a current of 30 mpA and the 
excitation was rapidly blocked (s). Acetylcholine was again e ffe c t­
ive in fir in g  the c e l l  (P) immediately a fter  the cessation of the 
GABA application. The use o f co-axial electrodes enabled GABA and 
p-alanine to be applied as cations to the external surface of moto- 
neurones w hilst in tracellu lar records were obtained from these c e l ls .  
Micro-electrodes f i l le d  with 0.6M K0SO4 were used for these experi­
ments, since these enabled the post synaptic potentials to be record­
ed without distortion  due to  diffusion of ion from the electrode. 
(Coombs, Ecoles and F&tt 1955 b).
The resu lts of Pig. 6 were obtained w hilst recording from a 
flexor digitorum longus (PDL) motoneurone« The resting potential 
was 55-60 mV for a period o f 90 minutes, the la s t  spike potential, o f  
(A) (D) (e) and (G) being attenuated considerably by the recording
electrode* The outer extracellu lar barrel o f the electrode contain­
ed ^-alanine; i t s  tip  was 60 >1 from that of the inner electrode and 
i t  fa iled  to record ary resting potential throughout the experiment.
Five seconds a fter  a current of 450 rapA started to  pass
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jB~alanine from one b a r r e l  o f  th e  e le c tro d e ,  th e  orthodrom ic sp ike 
p o te n t i a l  (a) was su p p ressed , leav in g  only a sm all EPSP (B ). This 
c u r r e n t  was th e n  tu rn e d  o f f  and th e  responses C and D were recorded  
10 seconds and 40 seconds l a t e r  r e s p e c t iv e ly .  The spike slow ly r e ­
covered in  s ta g e s , recovery  of the f u l l  so raa-dend ritio  (SD) sp ike 
fo llo w in g  th a t  o f  th e  i n i t i a l  segment (is) (o f .  Coombs}C u rtis  and 
S o c le s  1957). S im ila r ly  the an tid ro m ic  spike (E) whioh occasion­
a l ly  f a i l e d  t o  invade th e  SD reg io n  was converted  to  an IS  sp ike  (F) 
by p -a la n in e ,  f u l l  recovery  (G-) ta k in g  p laoe  a f t e r  the a p p lic a t io n  
o f p -a la n in e  had ceased . Although not seen in  t h i s  c e l l ,  i t  was 
o f te n  p o s s ib le  to  b lo ck  th e  a n tid ro m ic a lly  evoked IS  sp ike  le av in g  an 
ax o n a l (M) spike o n ly , ( c . f ,  Coombs a t  a l  1957),
The monosynaptic EPSP produced by v o lle y s  in  the FDL nerve 
(H) was reduced in  s iz e  by p -a la n in e ,  the  re sp o n ses  o f  ( i )  be ing  re ­
corded 90 seconds a f t e r  a c u r r e n t  o f  200 mpA began to  pass B -a lan in e  
from the o u te r  b a r r e l .  T h is  c u r re n t  ceased  im m ediately a f t e r  ( i )  
and th e  response ( j )  was reco rd ed  90 seconds l a t e r .  S im ila r ly  the  
IPSP (K) produced by a v o lle y  in  the  p e ro n ea l nerve ( a f t e r  a  sm all 
i n i t i a l  EPSP) was a lm ost ab o lish ed  (L) a f t e r  60 seconds o f  JB-alanine 
(200 mpA) a p p lic a t io n  b u t had recovered  3 m inutes a f t e r  i t s  term ina­
t io n ,  The ooupling  r e s is ta n c e  between the b a r r e ls  o f  t h i s  e le c tro d e  
was le s s  than  8 KIL and the passage  o f th e  io n to p h o re tic  c u r re n ts  
produced le s s  th an  1 mV a l t e r a t io n  i n  th e  recorded  r e s t in g  p o te n t i a l  
of th e  c e l l .
O b serva tions upon the  r e s t i n g  p o te n t ia l  d u rin g  the  passage 
o f p -a la n in e  showed t h a t  t h i s  substance  n e i th e r  d e p o la r ise d  nor 
h y p e rp o la rised  th e  c e l l  membrane even in  doses t h a t  abo lish ed  the
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sp ike and p o s t sy n ap tic  p o te n t ia l s .
Pig* 7 was recorded frcm a gastreenem iue motoneurone* This 
c e l l  had a r e s t in g  p o te n t ia l  o f  50-60 mV f o r  a p e rio d  o f  over an hour 
and tra c e  (A) c h a r ts  t h i s  p o te n t i a l  over a p e r io d  o f  4 m inutes d u rin g  
which two a p p lic a t io n s  o f /3 -a lan ine  were made from the  o u te r e le c tro d e  
o f th e  c o -a x ia l  p a ir*  A backing c u rre n t o f  150 mpA preven ted  
^ -a la n in e  d if fu s io n  from  th e  e lec tro d e*  T h irty  seconds a f t e r  th e  
beg inn ing  o f  th e  reco rd ; a  t o t a l  c u r re n t  o f  180 m\ik passed  p -a la n in e  
from the  e le c tro d e  f o r  57 seconds* T his was fo llow ed by an o th er ap­
p l ic a t io n  w ith  an e f f e c t iv e  c a t io n ic  c u rre n t o f 80 L a te r  in
the s e r i e s ,  e q u iv a le n t c u r re n ts  in  th e  re v e rse  d i r e c t io n  produced 
sm all a l t e r a t i o n s  in  the  recorded  p o te n t i a l  due to  c u rre n t flow in  
the  volume co n d u cto r s e p a ra tin g  th e  e le c tro d e  tip s*  The changes in  
p o te n t ia l  recorded  by th e  i n t r a o e l lu l a r  e le c tro d e  d u rin g  the  a p p lic a ­
t io n  o f  /3 -a lan ine  a re  v i r t u a l ly  m ir ro r  images o f  th e  a l t e r a t io n s  p ro ­
duced by th e se  c u rre n ts  o f  o p p o site  d i r e c t io n  and hence a r e  due to  
p o te n t ia l s  g enera ted  by th e  a p p lie d  c u r re n ts  anä do no t in d ic a te  t h a t  
/3-alan ine has a  s p e c if ic  e f f e c t  upon th e  r e s t in g  p o te n t ia l  o f  th e  c e l l .  
T h is in v e s t ig a t io n  has been re p e a te d  on a t  l e a s t  e ig h t d i f f e r e n t  moto- 
neurones w ith  s im ila r  r e s u l t s .  When la r g e r  c u r r e n ts  have been u sed , 
s e v e ra l c e l l s  have shown a sm all d e p o la r is a t io n  develop ing  a f t e r  10—15 
seconds, p o ss ib ly  as a consequence o f  damage to  the  membrane o r th e  
a c t io n  o f  hydrogen ion*
T es ts  perform ed on t h i s  c e l l  J u s t  b e fo re  (M-0) and im m ediate­
ly  a f t e r  ^G—L) th e  s e r ie s  o f  (A) and (b ) in d ic a te  th a t  s im ila r  amounts 
o f p -a la n in e  had a r e v e r s ib le  d e p re ssa n t a c tio n  upon t t e  an tid ro m ic  
sp ik e  and p o s t sy n ap tic  p o t e n t i a l s .  Thus th e  an tid ro m ic  sp ik e  (g) was
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converted  to  an IS  3pike (h) which recovered com pleteV  ( i )  a f t e r  the  
c e s s a t io n  of the  a p p lic a t io n  o f  J3-alanine# The c o n tro l 3FSP ( j )  and
IB3P (M) were e f f e c t iv e ly  reduced i n  s iz e  (K*N,) again  reco v e rin g  
com pletely  (L ,0)#
However, in  s p i te  o f th e  absence o f  a s p e c if ic  e f f e c t  upon 
membrane p o te n t i a l  o f  the c e l l ,  J3-alanine produced a d e f in i te  in c re a se  
in  th e  th re s h o ld  o f  th e  c e l l  to d i r e c t  s tim u la tio n #  The p o in ts  o f 
(C) p l o t  th e  magnitude o f  a c u r r e n t  p u lse  o f  0*5 msec, d u ra tio n  which 
s tim u la te d  th e  c e l l  in  5Q$ o f  10-20 te a t s  when ap p lied  v ia  the  i n t r a ­
c e l l u l a r  e lec tro d e#  T his s e r ie s  was recorded sim ultaneously  w ith  the 
membrane p o te n t ia l  o f  (A) and c u rre n t of (B) and in d ic a te s  th a t  \ r t i i ls t  
p -a la n in e  was be in g  a p p lie d  to  th e  c e l l ;  a  la r g e r  c u r r e n t  p u lse  was 
necessary  to  e l i c i t  a sp ik e  response* T y p ica l reco rd s  from t h i s  
s e r ie s  were arranged in  (D, E & F) the re c o rd s  co rrespond ing  to  the 
p o in ts  d , e and f  o f (c)# A fte r  c e s s a t io n  o f  th e  amino aoid  a p p lic a ­
t io n  the  e x c i t a b i l i t y  o f th e  c e l l  re tu rn ed  to  normal# These r e s u l t s  
th e re fo re  in d ic a te  th a t  p -a la n in e  produced an in c re a se  in  th e  th r e s ­
ho ld  o f  th e  c e l l u l a r  membrane#
I n  s p ite  o f  the d em o n stra tio n  th a t  the  p ro p e r t ie s  o f th e  p o s t 
sy n a p tic  membrane were a l t e r e d  by th e se  amino a c id s ,  i t  might be con­
s id e re d  th a t  some o f  the b lo c k in g  a c t io n s  o f GABA o r p -a la n in e  were due 
to  th e  b lo ck in g  o f  p re sy n a p tic  o r  axonal f i b r e s ,  th u s  p re v e n tin g  the 
r e le a s e  o f  t r a n s m i t te r  substance o r  the an tid rom ic  a c t iv a t io n  of c e l ls #
McLennan (1957) has re p o rted  t h a t  c o n c e n tra tio n s  of e i th e r  substance as
-1h ig h  as  10 -  IM in  b u ffe re d  mammalian E inger’ s so lu tio n  had no e f f e c t
on th e  conduction  o f  im pulses in  d o rs a l  and v e n tr a l  ro o t m yelinated  
f i b r e s  and the resp o n ses  i l l u s t r a t e d  in  Big# 8 (A)—(C) in d ic a te  th a t
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GABA is without effect on the presynaptic terminals of afferent 
fibres in the motoneurons area* The record (a ) shows extracellular- 
2y recorded spike potentials evoked monosynaptically by afferent 
volleys in the Biceps- semitendinosus (3ST) Group I fibres* These are 
preceeded by a anall positive-negative spike which indicates the arriv­
al of impulses at the presynaptic terminals (Brooks and Socles 1947)*
As is illustrated in (A) the volley arrived in the region of recording 
0*21 msec* after its arrival at the surface of the spinal cord* This 
small presynaptic spike remained undiudnished during the passage of a 
cationic current of lOC mpA through the GABA barrel, which was suffic­
ient to block the orthodromically evoked spike potentials (B)*
If either GABA or ^-alanine was the specific inhibitory trans­
mitter of spinal neurones, it would be reasonable to expect that their 
depressant action would be blocked by strychnine (Bradley, Baston and 
Bccles 1953; Curtis 1959)* However, as is indicated by Pig* 9 
strychnine has no such effect# The control responses (full line) are 
tracings of the potentials produced within the BST nucleus of the L7 
ventral horn by impulses in the quadriceps group la afferent fibres (q) 
and in the BST group I fibres* The quadriceps volley produoed a com­
plex positive potential which consisted of ext race llularly recorded 
inhibitory post synaptic potentials (IPSP) superimposed upon a positive 
field potential produced by current flowing from the terminals of in­
hibitory fibres to the bodies of the more dorsally placed cells of the 
direct inhibitory pathway, (Curtis 1959)# The BST volley evoked a 
negative focal potential in the BST nucleus, in which the recording 
micro-electrode was located#
Both the positive (q) and the negative (BST) responses were
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proceeded by t r ip h a s ic  sp ik es  produced by th e  re s p e c tiv e  a f f e r e n t  
v o lle y s  a r r iv in g  a t  th e  s p in a l  co rd , The Q p o te n t i a l  a lso  had a 
sm aller sp ike (marked w ith  an arrow) gen era ted  by im pulses a r r iv in g  
a t  the te rm in a ls  o f the  re la y in g  in te rneu rones. (S o c le s , F a t t  and 
Landgren 1956), The passage o f  a c u r re n t of 80 m^A through the 
b a r r e l  c o n ta in in g  GABA produced changes as in d ic a te d  by the broken 
l in e .  These a l t e r a t i o n s  a re  in  accordance w ith  th o se  observed in  
motoneurones when re c o rd in g  in  tra c e  l l u l a r l y  and c o n s is t  o f  a sm all 
re d u c tio n  in  the Q p o te n t i a l  due t o  th e  d e p re ss io n  o f  IPSEfcand a 
d im inu tion  o f th e  BST p o te n t i a l  a s  a  r e s u l t  o f  the d e p re ss io n  o f ex­
c i t a t i o n  o f motoneurones* A fte r  th e  in trav en o u s  a d m in is tra tio n  o f 
0*2 mg/kg s try ch n in e  s a l i c y la te  (a  dose which would be expected to  
p r a c t i c a l ly  a b o lish  IPSPf s as reoorded  in t r a c e l lu la r ly *  (C u rtis  1959), 
the BST p o te n t ia l  was s l ig h t ly  in c re a se d  and th e  f r a c t io n  of th e  Q 
p o te n t i a l  due to  IFSP*s a b o lish ed  (d o tte d  l i n e ) .  T h e re a fte r  a  f u r th e r  
a p p lic a t io n  o f  GABA u s in g  th e  same c u r r e n t  had no e f f e c t  on the Q 
p o te n t i a l  b u t ag a in  e f f e c t iv e ly  d im in ished  th a t  due to  the BST v o lley  
(d o t-d ash  l i n e ) .  These r e s u l t s  have been confirm ed w ith  p -a la n in e  
and in d ic a te  n o t only th a t  GABA, l ik e  s try c h n in e  a b o lish e s  IPSPf s ,  
b u t a lso  th a t s try ch n in e  has no e f f e c t  upon th e  dep ress io n  o f  e x c i ta ­
t io n  by these  two su b sta n c es .
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(c) IrG-lutamic and L-Aspartic acids*
Previous reports of the excitatory activity of these amino 
acids on crayfish neuromuscular preparations (Brockman and 3urson 
1957)(Bobbins, 195S) suggested that their actions on spinal neurones 
should be investigated* The substances were applied in their anionic 
form to interneurones, motoneurones and Benshaw cells*
fixtra-cellular field potentials generated by the activity of 
neurones in the dorsal and ventral horns were reduced in size by the 
application of L-glutamio and L-aspartic acids* The potential re­
sponses of Pig* 10 (A-D) were recorded by a double barrel electrode 
in the dorsal horn region of the seventh lumbar segment and evoked by 
stimulation of the peroneal nerve. After the control record (A) a 
current of 100 mpA passed glutamate ion from the electrode and 12 sec­
onds after the commencement of this current, the negative focal 
potential had been virtually abolished (B) and a further 7 seconds later 
it was converted into a positive potential, (c). Following the cessa­
tion of the anionic current, the field potential recovered completely 
in 12 seconds (D). The negative potential of Pig. 10 (E) was record­
ed from the ventral horn of the L7 segment of the spinal cord in re­
sponse to maximal ventral root stimulation. Aspartate ions were then 
passed out of the other barrel of the double barrel electrode by a 
current of 100 mpA* The field potential was decreased in size, being 
abolished in 18 seconds (P) and then converted to a positive potential 
(G) 29 seconds after the onset of application of the aspartate ions.
The current was then terminated and the field potential recovered fully 
in 20 seconds.
When the electrode was located in the immediate vicinity of a
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s in g le  in te rn eu ro n e  however, the a p p lic a t io n  o f g lu tam ic  or a s p a r t io  
a c id s  in v a r ia b ly  f i r e d  th e  c e l l*  Pig* 11 i l l u s t r a t e s  sp ik e  p o te n t­
i a l s  from such an in te rn e u ro n e ; reco rd ed  by means o f th e  c e n t r a l  
b a r r e l  o f a  f iv e  b a r r e l le d  e lec tro d e*  T his c e l l  was f i r e d  orthodrom - 
i c a l l y  by im pulses in  th e  h ig h  th re sh o ld  f ib r e s  o f  th e  s u r a l  nerve and 
ty p ic a l ly  the  orthodrom ic sp ik es  P ig . 11 (A-F) in d ic a te d  as  0 were re ­
p e t i t i v e  and superim posed on a neg a tiv e  fo c a l  p o t e n t i a l  produced by the 
sim ultaneous a c t iv a t io n  o f mary neighbouring  c e l ls *  The d e t a i l s  of 
th e se  sp ik es  are  shown more c le a r ly  in  Pig* 11 (G-), "the d ip h asic  sp ike  
b e in g  i n i t i a l l y  n eg a tiv e  and follow ed by a sm a lle r  p o s i t iv e  p o te n t ia l .
The lower l in e  in  Pig* 11 reco rd s  th e  c u r r e n t  p a ss in g  through 
a b a r r e l  o f  th e  e le c tro d e  c o n ta in in g  sodium a s p a r ta te .  I n i t i a l l y  a  
c a t io n ic  c u r re n t  o f  20 mpA p reven ted  th e  a s p a r ta te  io n s  from d if fu s in g  
o u t of th e  e le c tro d e ,  b u t in  Fig* LI (B) t h i s  c u r r e n t  was reversed  and 
g ra d u a lly  in c re a se d  to  a maximum o f 240 mpA (c) in  3*8 seconds thus 
p a s s in g  an in c re a s in g  amount o f  a s p a r ta te  anion in to  the e x t r a c e l lu la r  
space n ear th e  c e ll*  The c u rre n t was th e n  p ro g re s s iv e ly  decreased 
and te rm in a te d  a t  (D) 3 seconds la te r*  This c e l l  was f i r i n g  spon­
tan eo u sly  a t  low frequency  (A, B) b u t during  th e  a p p l ic a t io n  of asp are  
t a t e  io n  th e  r a t e  o f  f i r i n g  was in c re a se d  to  a  maximum o f  72 p e r  second 
and then  decreased  to  th e  i n i t i a l  freq u en cy , th e  r a t e  fo llo w in g  c lo se ly  
the  m agnitude o f  the c u rre n t used to  p ass  a s p a r ta te  from th e  e leo trode*  
F u r th e r  as th e  r a te  o f  f i r i n g  in c re a s e d , the  sp ik e  p o te n t i a l  was 
changed in  shape; the p o s i t iv e  phase in c re a s in g  in  s iz e  and the p ro ­
ceed ing  n e g a tiv ity  decreasing* These e f f e c t s  were re a d ily  re v e rs ib le #
S im ila r  o b se rv a tio n s  are shown i n  Pig* 12, t h i s  c e l l  be ing  
f i r e d  r e p e r i t iv e ly  in  response to  a s in g le  orthodrom ic v o lle y  in  the
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p e ro n e a l nerve* (f ig *  12 (A )(F)(G)(L) )•  The sp ike shape was 
d ip h a s ic  and s im ila r  t o  t h a t  o f  the p rev io u s  c e l l«  Each o f th e  two 
s e r ie s  (A-F) and (G“L) was recorded  on moving f ilm ; the top  o f  one 
column b e in g  con tinuous w ith  th e  bottom  o f  th e  n ex t; w ith  le s s  th an  
5 msec« between sweeps* At th e  m arker (Ak) in  Fig« 12 (b ) g lu tam ate  
io n  was p assed ; as an an ion  in to  the environm ent of th e  c e l l  w ith  a  
c u r re n t o f  53 myiA. T his c u r re n t  was m ain ta ined  a t  a c o n s ta n t le v e l  
u n t i l  i t  was te rm in a ted  a t  ( fc) in  (E)« A f te r  a  la ten cy  o f a b o u t 
600 msec« th e  c e l l  commenced to  f i r e  (B)* th e  frequency  g ra d u a lly  in ­
c re a s in g  to  a maximum o f  about 75 p e r  second. T h is  frequency was 
m ain tained  f a i r l y  uniform ly  u n t i l  the  c e s s a t io n  o f  th e  io n to p h o re tic  
c u rre n t (E)* The c e l l  then ceased  f i r i n g  in  l e s s  than  250 msec*
In  th e  s e r ie s  (O-H) a  la rg e r  c u r re n t o f  120 mpA was used to  pass  
g lutam ate from th e  e le c t r o d e ,  and th e  c e l l  f i r e d  a t  an in c re a s in g  
frequency , (H, I ) ,  th e  neg a tiv e  phase o f th e  sp ik e  becoming sm a lle r  
and e v e n tu a lly  the sp ik e  rem ained as a  sm all p o s i t i v i t y  only  ( i ) *  No 
fu r th e r  responses could  th e n  be evoked by the  co n tin u in g  a p p l ic a t io n  
o f glu tam ate io n  o r  by an orthodrom ic s tim u lu s  ( j)«  Follow ing th e  
te rm in a tio n  o f  th e  io n to p h o re tic  c u r r e n t  ( K 4 ) ,  sm all n eg ative  sp ik es  
appeared w ith in  500 msec« These in c re a se d  in  s ize*  becoming n o t  un­
l ik e  th e  sp ik e s  produced e a r l i e r  by g lu tam ate  io n  and orthodrom ic 
s tim u la tio n «  When te s te d  3*5 seconds l a t e r  th e  orthodrom ic response  
was normal* (n )«
from m otoneurones w h ils t  app ly ing  g lu tam ate  o r  a s p a r ta te  io n s  e x te rn ­
a l ly  to th e  su rfa c e  o f th e  membrane o f  the im paled c e l l ,  a  membrane 
d e p o la r is a t io n  was recorded« The responses o f  Fig« 13 a re  from a
When c o -a x ia l  e le c tro d e s  were used t o  reco rd  in tr a c e  1 ln la r ly
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gastrocnemius c e l l  ana were recorded by a K2 SO4  containing electrode, 
The outer electrode contained the sodium sa lt  of L-aspartic acid.
The resting potential of the c e l l  remained constant at 66-72 mV for a 
2 hour period. Pig, 13 (a) recorded with a DC amplifier shows the 
alterations in  the resting potential produced by the passage of 
current through the outer barrel o f the electrode, the corresponding 
alterations in current being shown in  (b) where anionic currents are 
indicated by a downward deflexion* A cation ic current o f 200 mpA 
was flowing through the outer barrel throughout in  order to  prevent 
the free diffusion of aspartate ion therefrom. In it ia lly  (upward 
arrow (b) ) an additional cation ic current of 720 mpA was passed and 
the resultant apparent deflection in  membrane potential in  a depolaris­
ing direction recorded by the inner electrode 1 was a consequence of  
current flow in  the res is tiv e  medium between the two electrode tip>s.
At Pig. 13 (B) (downward arrow) an anionic current of 520 mpA was 
then passed and the broken line of Pig, 13 (a) p lo ts the a lteration  
in  potential which would have been expected from the current flow  
alone. However, the recorded potentia l diverged from that predicted 
by a t least 7*5 mV in tl*e d irection of a membrane depolarisation*
When the flow o f current was terminated, the restin g  potential return­
ed to i t s  original value with a time course very similar to  that with 
which the depolarisation arose. Similar depolarisations were obtain­
ed with aaaller and larger currents. Cessation of the "backing" 
current i t s e l f  resulted in  a membrane depolarisation of about 1*5V, 
which was almost certainly due to  the uncontrolled diffusion o f aspart­
ate ion from the electrode. Similar resu lts were obtained with 12
motoneurones which were investigated in  th is  fashion*
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In  a d d it io n  to  a l t e r a t io n s  in  membrane p o te n t i a l  l e v e l ,  th e  e f f e c t s  
o f th e se  io n s  upon p o s t- s y n a p tic  responses were de term ined . I n  Pig*
13 (C-E) a re  i l l u s t r a t e d  th e  m onosynaptic e x c i ta to ry  p o s t-s y n a p tic  
responses evoked in  th e  c e l l  by s tim u la tio n  o f  group l a  f ib r e s  o f  the 
gastrocnem ius nerve* D uring th e  d e p o la r is a t io n  produced by an an io n ic  
c u rre n t o f  500 mpA p a ss in g  th rough  th e  a s p a r ta te  b a r r e l ,  th e  j£PSP (D) 
was s l ig h t ly  reduced in  size* The responses (F-H) i l l u s t r a t e  th e  
in h ib i to ry  p o s t- s y n a p tic  p o te n t ia l s  produced by s tim u la tio n  o f  th e  p e r ­
oneal nerve* During th e  d e p o la r is a t io n  caused by a c u rre n t o f 520mpA 
p a ss in g  th rough  th e  a s p a r ta te  b a r r e l ,  the IPSPs were in c re ase d  i n  size* 
As th e  eq u ilib riu m  p o te n t ia l  f o r  th e  IPSP o f  mo to  neurones i s  
d o s e  to  th e  r e s t in g  p o te n t i a l  (Coombs e t  a l  1955 b) whereas t h a t  o f  
th e  EP5P i s  near zero  p o te n t i a l  (Coombs e t  a l  1955 c ) ,  a d e p o la r isa tio n  
o f  even 10 mV would be expeoted to  g r e a t ly  in c re a se  th e  IPSP b u t to  
decrease  th e  EPSP very  l i t t l e *
The d e p o la r is a t io n  o f  motoneurones produced in  th i s  way was 
never s u f f i c i e n t  to  f i r e  th e  c e l l ,  presum ably because o f  the  d i f f i c u l t y  
o f  o b ta in in g  a s u f f i c i e n t ly  higji c o n c e n tra tio n  o f th e se  a c id s  o v e r a 
la rg e  enough a re a  o f membrane# However, the  d e p o la r is a t io n  co u ld  be 
summed w ith  e i th e r  a sub th reaho ld  EPSP o r an an tid ro m ic  IS  sp ike  to  
produce a f u l l  SD spike* For the  c e l l  i l l u s t r a t e d  i n  Fig* 13 stim u­
l a t io n  o f th e  axon in  the  segm ental v e n t r a l  ro o t r e s u l te d  in  an i n t r a ­
c e l l u l a r  sp ike response o f 27 mV ( i )  which had th e  c h a r a c te r i s t i c s  o f  
an IB sp ike (Coombs e t  a l  1957 a)# D uring th e  a p p lic a t io n  o f  aspartate  
i o n ; the  id e n t ic a l  v e n tr a l  ro o t s tim u lu s  produced a f i l l  SD 3p ik e  which 
was co n sid erab ly  a tte n u a te d  by the lArge in p u t  impedance o f the  r e ­
c o rd in g  system . T his r e s u l t  was re v e rs ib le ^  an  IS  sp ike be in g  again
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procvuced fo llo w in g  the  c e s s a t io n  o f  the io n to p h o re tic  cu rren t*
The d i r e c t  e x c i t a b i l i t y  o f  th e  c e l l  could  be te s te d  by means 
o f re c ta n g u la r  c u rre n t p u ls e s  passed  th rough  the in n e r  e le c tro d e  (a s  
has been d e sc rib e d  in  S ec tio n  (b) ) ,  D uring th e  d e p o la r is a t io n  p ro ­
duced by a s p a r ta te  o r  g lu tam ate  io n s ,  a sm aller c u rre n t p u lse  was 
necessary’ to evoke a sp ike  th a n  norm ally , confirm ing th a t  t h i s  was 
indeed a d e p o la r is a t io n  o f th e  membrane,
Rensh&w c e l l s  a re  a ls o  e f f e c t iv e ly  f i r e d  by a s p a r ta te  and 
glutam ate ions* F or example F ig , 14 i l l u s t r a t e s  the responses o f  a 
s in g le  Benshaw o e l l  which was f i r e d  r e p e t i t i v e ly  by a v e n t r a l  ro o t 
v o lley  (A)* These sp ike p o te n t i a l s  were reco rded  by means o f the 
c e n t r a l  b a r r e l  o f  a  f iv e  b a r r e l  e le c tro d e . When ace ty lc h o lin e  was 
ap p lied  from one b a r r e l  o f th e  e le c tro d e  by a c a tio n ic  c u rre n t o f  70m|iA, 
the c e l l  was f i r e d  r e p e t i t iv e ly  (b ) # the  la ten cy  o f  f i r i n g  (n o t shown) 
be ing  200 msec. The c e l l  con tinued  to  f i r e  th roughout th a  a p p lic a t io n  
and f i r i n g  ceased w ith in  250 msec, o f th e  te rm in a tio n  o f th e  c u r r e n t .  
When L -glutam ate io n  was p assed  from an o th er b a r r e l  o f  th s  e le c tro d e  by 
an a n io n ic  c u r re n t  o f  110 m^A, the c e l l  was f i r e d  (c )*  I f  la r g e r  
c u r re n ts  were used t o  apply g lu tam ate  io n ,  the c e l l  ra p id ly  ceased  to  
respond to  b o th  sy n a p tic  and chem ical s tim u la tio n *  D ihydro -B -eiy th - 
ro id in e  (DHE) was then p assed  co n tin u o u sly  by a c u rre n t o f  120 mpA and 
30 seconds l a t e r  (D ), (e ) and (f ) were recorded  under th e  same circum ­
s ta n c e s  as  (A ), (B) and (c )  re s p e c t iv e ly .  DHE has p rev io u s ly  been 
dem onstrated  to  b lo ck  the a c t iv a t io n  o f  Eenshaw c e l l s  by a c e ty lc h o lin e  
(E cc les  e t  a l  1956) (C u r tis  and E cc les  1958 b) and a lth o u g h  i t  d e p re ss ­
ed the f i r i n g  o f  th e  c e l l  produced by a v e n tr a l  ro o t v o lley  (D ), and 
alm ost com pletely  a b o lish ed  th e  a c t i v a t io n  o f  th e  c e l l  by a c e ty lc h o lin e
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(E), the f ir in g  by glutamate ion was unaltered (p).
A series of amino-monGcarboxylic and amino-dicarboxylic 
aoids related to GABA and glutamic aoid respectively were also  tested  
upon spinal neurones* (^Tables V & VI*) As the routine use of co-axia l 
electrodes for the determination of the e ffe c t  of a particular sub­
stance upon the motoneuronal membrane was rendered impracticable by 
the associated technical d if f ic u lt ie s ,  the te s ts  were made upon in ter-  
neurones using extracellu lar recording. Since the observations of 
the action of GABA, J3-alanine, L-glutamic acid and L-aspartic acid 
upon the ext race llu la r ly  recorded spike responses of interneurones and 
of Renshaw c e l ls  were consistent with those recorded from motoneurones 
under the influence o f the same substances, i t  i s  permissible to assume 
(Curtis and Watkins 1961) that these structurally related animo acids 
would have had the same action on motoneurones and Renshaw c e l ls  as 
they had on intemeurones*
A direct comparison of the a c tiv ity  of several substances was 
possib le only when they were in d ifferent barrels of the same five  
barrel electrode. Thus the use of five  barrel electrodes permitted 
an analysis of the actions of the four different amino aoids upon ary 
one c e l l ,  the central barrel being used for recording* Observations 
made in  th is  fashion were id en tica l with those using double barrel 
electrodes in  which only one substance was applied to  the c e l l ,  In 
most oases, a comparison was based on observations of extracellu larly  
recorded spike potentials of equal magnitude, these being in  the range 
of 0 .5 -1  mV. However, the a ctiv ity  of a particular compound in  
different experiments was always consistent irrespective o f spike s iz e ,  
the only difference being a longer latency of action where spike s iz e s
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were smaller* When these were very small, the cell was probably 
located at a considerable distance from the electrode and, corres­
pondingly, even strong excitant or depressant substances were in­
effective*
In assigning an index of activity to the various compounds, 
consideration was given to the magnitude of the current which had to 
be passed to obtain an effect (an indication of the amount of sub­
stance being administered), and the latency, intensity and duration 
of the effect, if ary. In Tables V & VI column (3), (in both tables) 
the action of the various amino acids has been compared using ionto- 
phoretic currents of 100-150 mpA» The symbol (+) indicates an 
excitatory action upon neurones whereas (-) denotes a depressant 
action, the symbols being enclosed within brackets when the effect 
was of doubtful significance* Zero (o) indicates the absence of 
ary observable effect, apart from the late excitation observed with 
most mono-carboxylic amino acids and wiiich was associated with iydro- 
gen ion# The symbol (NT) indicates that the compound was not tested 
on neurones of the cat spinal cord. Although the comparative rating 
of the intensity of action by means of a number of symbols is only 
approximate, there was a clear cut distinction between those acids 
either depressing or exciting interneurones and those that were inert* 
With these latter substances, larger currents and closer proximily of 
the electrode to the cell failed to demonstrate ary action, apart 
from the late excitation due to hydrogen ion as previously mentioned,
The most remarkable feature of the s truetureractivity re­
lationships outlined in these tables is the complete reversal of 
activity when the o< -carboxyl group of the excitatory acidic amino
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a c id s  i s  la c k in g , th e re  b e in g  a s t r i k i n g  c o r r e la t io n  between the 
a c tu a l  potency o f a ry  e x c ita to x y  amino ac id  and th a t  of th e  depress­
a n t a c t i v i ty  o f  i t s  ot -d e c a r b o y la t i o n  p ro d u c t, and  v ice  versa« 
These r e s u l t s  w i l l  be d iscu ssed  more f u l l y  in  com parison w ith  th o se  
o b ta in ed  on th e  i s o la te d  toad  s p in a l  co rd .
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D iscu ssio n ,
I n  an extensiv©  survey o f  v e r te b ra te  t is s u e s  and body f lu i d s ,  
GABA has been d e tec te d  unequ ivoca lly  only i n  b ra in  and s p in a l cord  
(R oberts and B ax ter 1958) w hereas g lu tam ic  acid  occurs i n  most t is s u e s  
of th e  body (T a lla n , Moore and S tein . 1954), SABA has been found in  re ­
l a t iv e ly  h igh  c o n c e n tra tio n s  i n  e x t r a c t s  o f th e  b ra in s  o f f i s h e s ,  
amphibia and mammalia; GABA, g lu tam ic  a c id  and glutam ine be ing  th e  
only n in h y d rin  re a c tiv e  c o n s t i tu e n ts  found in  la rg e  amounts in  a l l  
th e se  species«  JB-Alanine and L -a s p a r t ic  ac id  a l s o  occur i n  b ra in  
though in  a n a lle r  amounts (T a lla n  e t  a l  1954). I n  b ra in ,  GABA and 
g lu tam ic  a c id  a re  found c o n c e n tra te d  in  the  grey m a tte r ,  where t te y  
a re  found in t r a c e l l u l a r l y ,  and p r im a r i ly  in  the m ito ch o n d ria l f r a c t io n  
(Brody and B ain 1952),
GABA i s  formed in  th e  b ra in  la rg e ly  from g lu tam ic  acid  by t t e  
a c tio n  o f  g lu tam ic  ac id  decarboxy lase  (R oberts and F ran k e l 1950), an 
enzyme found only in  b ra in  (R oberts  and F ran k e l 1951) and e s p e c ia l ly  
in  grey m a tte r  (R obins, R o b erts , E&d t ,  Lowry and Smith 1956)* GABA- 
c< -k e to g lu ta ra te  tran sam in ase , an enzyme found in  b ra in  a s  w e ll a s  in  
o th e r  t i s s u e s  (Bessman, Rossen and Layne 1953) c a ta ly s e s  the  re a c t io n  
in  which GABA may be destroyed  by form ing g lu tam ic  a c id  and su c c in ic  
sem i-aldelyde* The su c c in ic  seniialdelyde can then  be ox id ised  in to  
su cc in a te  (A lbers and S a lv ad o r, 1958; Raokis and K aln itsky  1957)*
Both L -g lu tam ic acid  decarboxylase  and GABA- c < -k e to g lu ta ra te  t r a n s ­
aminase re q u ire  p y rid o x a l phosphate as a co-enzym e, (R oberts and 
F ran k e l 1950; R oberts and B ax te r 1958)#
L“Glutaraic ac id  i n  b r a in  can be sy n th es ised  by se v e ra l ro u te s ,  
in c lu d in g  the re d u c tiv e  am in a tio n  o f -k e to g lu ta r ic  acid  (K rebs,
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Eggleston and Hems 1948), a reaction catalysed by glutamic acid 
uelydroganase (Dewan 1938); or by transamination from o< -ketoglutar- 
a te , glutamic-oxaloacetic transaminase being very active in  brain 
(Cohen and HekKuis 1941)* Glutamine may be reversibly synthesised 
from glutamic acid , a reaction catalysed by the enzyme glut ami nase, 
which i s  present in  brain, kidney and liv er  (Krebs 1935), Despite 
the presence of glutaminase a c tiv ity  in neural tissu e preparations 
the deamination of endogenous glutamine does not appear to occur, 
however exogenously supplied glutamine appears to be readily metabol­
ised as shown by studies with C14 labelled glutamine (Tower 1958), 
Early studies on the uptake of parenterally administered 
glutamic acid by the adult nervous system (Schwerin, Bessm&n and 
v/aelsch 1950) suggested that the blood-brain barrier was impermeable 
to glutamate. Glutamine (Schwerin e t  a l 1950), (Kamin and Handler 
1951), was able to  penetrate the blood brain barrier and may be a 
source o f  cerebral glutamate. Recent studies (Tower 1958; Lajtha, 
3erl and Waelsch 1959) however have shown that glutamate can exchange 
across the blood brain barrier although there i s  no net uptaks.
Glutamic acid and GABA both support oxidative metabolism by 
brain s lic e s  and apparently occupy a p ivotal position  (Tower I960) in  
brain metabolism, linking the earbolydrate and energy cycles on one 
hand with the metabolism o f amino acids and proteins on the other,
As possible transmitter substances, GABA and L-glutamio acid therefore 
sa tis fy  several o f the requirements discussed in  the introductory 
section o f th is  report* They are readily demonstrable in  the central 
nervous system, together with metabolic pathways for their synthesis 
and destruction*
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The r e s u l t s  o f  a s e r ie s  o f  in v e s t ig a t io n s  w ith  enzyme b lock­
in g  su b stan ces  have been considered  to  fu r th e r  s tre n g th e n  the p o s s i­
b i l i t y  th a t  they  may be concerned w ith  the re g u la t io n  o f  m etab o lic  
a c t i v i t y .  Both g lu tam ic  acid  decarboxylase  and GABA- d  - k e to g lu ta r -  
a te  tran sam in ase ; the  enzymes re sp o n sib le  f o r  th e  balance between 
GABA and g lu tam ic  ac id  le v e ls  a r e  dependent f o r  a c t i v i t y  on p y rid o x a l 
phosphate as a co-enzyme. In  v i t r o  experim ents have shown th a t  th e  
decarboxylase  has a lower a f f i n i t y  f o r  the  co-enzyme than  does the  
transam inase (Roberts* R o th s te in  and B ax ter 1958)9 Hence a d ecrease  
in  th e  d ie ta ry  in ta k e  o f V itam in B6 o r  a d e p le tio n  o f  blood and t i s s u e  
p y r id o x a l phosphate produced by th e  a d m in is tra tio n  o f  c a rb o n y l- tra p p in g  
ag en ts  o r  th e  a c tio n  o f V itam in B6 a n tim e ta b o l ite s  should cause  a 
r e l a t iv e ly  g r e a te r  decrease  i n  th e  a c t i v i t y  o f th e  decarboxy lase  th a n  
o f th e  transam inase (R oberts , Younger and Pranke 1 1951). T h is would 
r e s u l t  in  a d ecrease  in  the  t o t a l  b ra in  GABA a n d /o r  an in c re a se  i n  
g lu tam ic a c id .
C onvulsions a re  in  f a c t  known to  occur in  ex p erim en ta l anim als 
m ain ta ined  on a d i e t  d e f ic ie n t  in  V itam in B6 (P a tto n , Karn and Longe­
necker 1944) and humans (Tower 1958),
Thioseraicarbazide and o th e r  hyd raz id es  can produce convulsions 
(D icke, 1949; P a rk s , K idder and Dewey, 1952) and th e se  can  be p reven ted  
by an a d m in is tra tio n  o f pyridoxam ine, K illam  and B ain (1957) found 
th a t  sem icarbazide induced s e iz u re s  were a s s o c ia te d  w ith  a 3Q% d ecrease  
in  the  amount o f  GA3A e x tra c ta b le  from th e  b ra in  o f an im als and a small 
in c re a se  in  th e  amount o f  g lu tam a te . There was no change in  th e  GABA 
le v e ls  in  b ra in  fo llow ing  M etrazo l co n v u lsions and they th e re fo re  
p o s tu la te d  th a t  th e  co n v u lsan t a c t i v i ty  induced by sem icarbazide was due
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to  a d ecrease  in  the  b ra in  GABA* t h i s  substance  hav ing  an im plied  in ­
h ib i t  o iy  a c tio n  on neurones*
The ap p aren t im portance o f b ra in  GABA le v e l s  in  convulsan t 
s ta t e s  f u r th e r  s tren g th en ed  th e  p o s tu la te  t h a t  GABA was a a i n h i b i t -  
ory w rausm itter^ o r a t  l e a s t  a c e n t r a l  nervous system  reg u la to r*  With 
th e  r e a l i s a t i o n  th a t  g lu tam ic  a c id  could i n i t i a t e  con v u lsio n s(n ay ash i 
the p o s s i ö i ü t y  a ro se  th a t  a  balance was r e t i r e d  between the 
b ra in  g lu tam ic  a c id  and GABA le v e ls  and a d is tu rb a n ce  in  the balance 
led  to  co n v u lsan t s ta te s*
However, as b o th  GABA and g lu tam ic  ac id  can  a c t  as  o x id a tiv e  
s u b s tr a te s  in  b ra in  m etabolism , th e  d e c re a se s  d u rin g  convulsions could 
be due to  t h e i r  u t i l i s a t i o n  in  th i s  fashion* I n  a ry  case only changes 
in  <ihe o v e ra l l  b ra in  co n ten t have been e s tim a te d  and th i s  may have no 
r e f le c t io n  on the  e x t r a c e l lu la r  environment*
No methods have a s  y e t  been forthcom ing f o r  the measurement 
o f the e x t r a c e l lu l a r  c o n c e n tra tio n s  o f  GABA aÄd L -glu tam io  acid  in  
the b ra in s  o f normal and co n v u lsin g  anim als b u t i t  i s  t h i s  e x t r a c e l lu l ­
a r component, which i s  p robab ly  q u ite  sm all in  com parison w ith  the  
i n t r a c e l l u l a r  f r a c t io n ,  th a t  w i l l  re g u la te  nervous a c t iv i ty *
Tie r e s u l t s  d esc rib ed  in  t h i s  p a p e r , however, do not support 
the th eo ry  th a t  GABA o r  p -a la n in e  are in h ib i to r y  t r a n s m it te r  substances 
in  the c e n t r a l  nervous system , b u t do n o t e lim in a te  the p o s s ib i l i ty  
th a t  th ey  have a re g u la t in g  a c t io n  on c e n t r a l  nervous a c t i v i t y ,
Although i n t r a c e l l u l a r  reco rd in g s  were n o t ob ta ined  from i n t e r -  
neurones and Renshaw c e l l s ,  the  s im i la r i ty  o f th e  r e s u l t s  ob tained  from 
th e se  and motoneurones su g g es ts  th a t  GABA and yB-alanine had an id e n t ic a l  
a c t io n  on them* The e f fe c t iv e n e s s  o f  Gaba and ^ -a la n in e  i n  p re v e n tin g
th e  chem ical e x c i ta t io n  o f d o rs a l  horn c e l l s  by g lu tam ic a c id  and o f 
Eenshaw c e l l s  by a c e ty lc h o lin e  to g e th e r  w ith  t h e i r  in e f fe c t iv e n e s s  
upon the p o te n t ia l s  g en era ted  by p re sy n a p tic  im p u lses, excludes an ex­
p la n a t io n  th a t  GABA and ^ -a la n in e  a c t  by b lo ck in g  p re sy n a p tic  a f f e r e n t  
f ib r e s  and s o  p re v e n tin g  th e  re le a s e  of t r a n s m it te r  substances*  I t  
can th e re fo re  be p o s tu la te d  th a t  th e  a c tio n  o f  th e se  su b stan ces  i s  upon 
th e  membrane o f th e  c e l l  body o f  the p o s t- s y n a p tic  neuron.
The e x c i ta to iy  and in h ib ito ry  t r a n s m it te r  su b stan ces  o f  moto- 
neurones produce s p e c if ic  p e rm e a b ility  changes in  th e  a p p ro p r ia te  sub- 
sy n ap tic  membranes (Coombs e t  a l  1955 b and c ) ,  the r e s u l ta n t  r e d is ­
t r ib u t io n  o f io n s  p roducing  th e  2P3P and IPSP re s p e c tiv e ly . The tim e 
cou rses  o f th ese  p o te n t ia l s  a re  determ ined by the t r a n s ie n t  a c t io n  o f  
th e  t r a n s m i t te r  su b stan ces  (C u r tis  and S e c ie s  1958) b u t i f  the  i n h i b i t ­
ory t r a n s m it te r  was ap p lie d  to  a l l  o f th e  in h ib i to r y  subsynap tic  mem­
brane o f  a motoneurone over a r e l a t iv e ly  prolonged p e r io d , th e  membrane 
would become h y p e rp o la rised  to  th e  e q u ilib r iu m  p o te n t ia l  o f th e  IPSP 
i , e .  by approxim ately  10 mV* Under such c o n d itio n s  sy n a p tic a lly  re ­
le ased  in h ib i to r y  t r a n s m i t te r  would be in e f f e c t iv e  in  a l te r in g  the 
membrane p o te n t i a l  f u r th e r .  At in h ib i to ry  synapses, th e  subsynap tic  
membrane would be perm eable to  sm all io n s  (Coombs e t  a l  1955 b) and 
th e  conductance o f  the  n eu ro n a l membrane would be thereby  in c reased  
above i t s  r e s t in g  v a lu e . C onsequently , a lthough  s y n a p tic a lly  re le a se d  
e x c i ta to r y  t r a n s m it te r  would s t i l l  produce an 3PSP* th e  equ ilibrium  
p o te n t i a l  f o r  t h i s  b e in g  a t  approxim ately  zero  (Coombs e t  a l  1955 c ) ,  
the EBSP1 s would be reduced i n  s iz e  due to  th e  sh u n tin g  e f f e c t  o f  the 
in c re a se d  membrane conductance. Thus i f  th e  in h ib i to ry  t r a n s m i t te r
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vras a p p lie d  a r t i f i c i a l l y  onto mo torneu ro n es , i t  would be expected to  
h y p e rp o la rise  the membrane, reduce the o rth o d ro m ica lly  evoked IPSPf s 
and reduce th e  s iz e  o f SPSP's* However, GABA and p -a la n in e  had no 
h y p e rp o la r is in g  a c tio n  upon the motoneurones to  which they  were ap­
p l i e d ,  a lthough  they decreased  the 3FSPf s and IFSF 's*  In trav en o u sly  
ad m in istered  s try ch n in e  d id  n o t p re v e n t the  a c tio n  o f e i t h e r  sub­
s ta n c e , a lthough  i t  b locked the  o rth o d ro m ica lly  evoked IPSPf s .
In  s p i te  o f th e  absence o f  change in  membrane p o te n t ia l ,  
the membranes of th e  i n i t i a l  segment and som a-d en d ritic  a re a s  were 
le s s  e x c ita b le  e le c t r i c a l ly *  The h ig h e r th re sh o ld  so m a-d en d ritic  
component o f  th e  an tid rom ic  sp ike was u su a lly  b lo ck ed , though d i f f i ­
c u lty  was experienced  in  b lo ck in g  th e  IS  spike* T h is  was probably  
due to  th e  d is ta n c e  between th e  i n i t i a l  segment a re a  and th e  e le c t ­
rode supply ing  the d e p re ssa n t ag en t and a lso  th e  low er th re sh o ld  o f  
th is  segment*
A decrease  in  th e  membrane r e s is ta n c e  o f  motoneurones induc­
ed by GABA and ^ -a la n in e ,  w ith o u t ary  accom paiying change in  membrane 
p o te n t i a l  suggests t h a t  the membrane p e rm e a b ility  was in c reased  to  a 
l im ite d  range o f  ions only# E oc les  (1959) has p o s tu la te d  th a t the 
IPSP i s  generated  by movements o f  b o th  po tassium  and c h lo rid e  io n s , 
fo llo w in g  th e  a c tio n  o f  th e  in h ib i to ry  t r a n s m it te r  upon the  subsynap- 
t i c  membrane# However, s ince  th e re  i s  no ev idence  f o r  the ex is ten ce  
o f a c h lo r id e  pump in  m otoneurones, c h lo r id e  io n  p robably  d if fu se s  in to  
an e q u ilib riu m  p o te n t ia l  a t  th e  c e l l  r e s t in g  p o t e n t i a l ,  the h y p e rp o la r- 
i s a t i o n  caused by the in h ib i to r y  t r a n s m it te r  b e in g  due to  the p a r t ic ip a ­
t io n  o f  potassium  ions# Thus an  in c re a se  in  th e  membrane p e rm eab ility  
to  c h lo r id e  io n s  alone would e x p la in  the r e s u l t s  w ith  GABA, namely a
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decrease in  membrane re s is ta n c e  w ithou t ary  accompanying change in  
membrane p o te n tia l#
The conclusion  th a t  GABA and p -a la n in e  a re  n o t in h ib i to ry  
t r a n s m i t te r s ,  b u t have a n o n -sp e c if ic  d e p re ssa n t a c tio n  i s  in  accord­
ance w ith  the f in d in g s  of Purpura e t  a l  (1957)* O ther in v e s t ig a t io n s  
Kayashi and Nagai (1956); Iwama and Ja sp e r  (1957); J a s p e r ,  Gonzalez 
and S l l i o t t  (1958); M arazzi, H art and Rodriguez (1958) have been le s s  
p r e c is e ,  bu t th e  same co n c lu s io n s  can be drawn» However, the i n t e r ­
p r e ta t io n  o f th e  r e s u l t s  o f  in d iv id u a l in v e s t ig a t io n s  has depended on 
the a n a ly s is  o f a l t e r a t io n s  in  f i e ld  p o te n t ia l s ,  A re d u c tio n  o f  
negative  f i e l d  p o te n t ia l s  by GABA and t h e i r  rep lacem ent by p o s i t iv e  
p o te n t ia l s  has been assumed by Purpura, e t  a l  (1959) to  be an in d ic a ­
tio n  o f th e  b lock  o f  e x c i ta to r y  sy n ap tic  a c tio n  w ith  a consequent un­
masking o f  in h ib it io n #  As has a lre ad y  been m entioned t h i s  i s  no t 
n e c e ssa r ily  so , and the response i s  more l ik e ly  to be due to  the con­
v e rs io n  o f  the  a re a  o f reco rd in g  from a s in k  f o r  e x t r a c e l lu la r  cu rren t 
in to  a source o f  c u r re n t  f o r  more d is ta n t  and s t i l l  a c t iv e  neurones#
Although glutam ate and a s p a r ta te  cou ld  n o t be te s te d  by means 
o f i n t r a c e l l u l a r  e le c tro d e s  on in te rn eu ro n es  and Renshaw c e l l s  i t  mey 
be presumed th a t  th e  prim ary cause o f  d isch arg e  of im pulses by these  
c e l l s  was a membrane d e p o la r is a tio n  o f th e  type recorded  in  moto- 
neurones, which reached the th re sh o ld  f o r  sp ike in i t i a t io n *  With 
motoneurones th i s  d e p o la r is a t io n  was a sso c ia te d  w ith  a lowered th r e s ­
hold f o r  e x c i ta t io n  as te s te d  by a d i r e c t  s tim u lus and i t s  p resence  
accounts f o r  th e  a l t e r a t i o n s  in  the  e x c ita to ry  and in h ib i to r y  p o s t -  
sy n ap tic  p o te n tia ls*
I t  i s  u n lik e ly  th a t  th e  d e p o la r is in g  a c tio n  o f the  a p p lie d
ram ino-acid  ions i s  due to t h e i r  p a ss in g  in to  the  i n t r a c e l l u l a r  p h ase , 
th e re in  behaving a s  fre e  io n s  o r as so u rces  of m etab o lic  energy, 
N euronal membrane i s  reg ard ed  as  being  impermeable to  g lutam ate ion  
(>hanes, 1958). I t  i s  a lso  u n lik e ly  th a t  th e  a c t i v i ty  o f th ese  sub­
s tan ces  i s  a s s o c ia te d  w ith  a removal o f  calcium  from the  e x t r a c e l lu l a r  
f lu id  around neurones, s in ce  mary compounds which a re  more a c tiv e  
calcium  c h e la to rs  have no e x c i ta n t  a c t io n  on s p in a l neurones when ap­
p l ie d  io n to p h o re t ic a l ly  ( C u r t i s ,  P e r r in  and W atkins I960)*
The mechanism by which th e se  amino a c id s  produce a membrane 
d e p o la r is a t io n  i s  no t y e t  fu l ly  understood . I t  may be considered  
th a t th e  a p p lic a tio n  o f the  io n s  r e s u l t s  in  th e  foxm ation a t  the su r­
face  o f th e  c e l l  o f  an amino a c id - re c e p to r  complex; the s t a b i l i t y  o f  
which i s  probably  f a i r l y  low in  view of the  ra p id  decay o f the  e f f e c t ,  
The p o s tu la te d  complex fo rm ation  must r e s u l t  in  an in c re a se  in  mem­
brane p e rm e a b ility ; which may be e i t h e r  s p e c i f ic a l ly  to  sodium io n s  
o r  perhaps more g e n e ra lly  to s e v e ra l  o f  th e  io n s  involved in  the 
m aintenance o f th e  membrane r e s t in g  p o te n t ia l .  D if f e r e n t ia t io n  be­
tween th ese  two mechanisms w i l l  depend on f u r th e r  a n a ly se s , p a r t ic u ­
la r ly  o f th e  eq u ilib riu m  p o te n t i a l  towards which th e  d e p o la r is a t io n  i s  
d ire c te d  (C a s t i l lo  and K atz, 1954; Coombs e t  a l  1955 c ) ,
The question  o f w hether or not th e se  o r  r e la te d  su b stan ces  
are  s p e c i f ic  e x c ita to ry  t r a n s m it te r s  o f  th e  c e n t r a l  nervous system 
w il l  in  p a r t  be answered when th e  mechanism of t h e i r  a c tio n  i s  e s ta b ­
l is h e d .
O ther re p o rts  of e x c i ta n t  a c t i v i ty  by g lu tam ic a c id  inc lude  
those o f  Hayashi (1952) who was ab le  to  produce convu lsions in  dogs by 
in je c t in g  sodium glutam ate in to  th e  grey m a tte r  o f the  c e r e b ra l  c e n tre ;
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Robbins (195^) who dem onstrated an e x c i ta n t  a c t io n  ‘on the  c raw fish  
neurom uscular system a t  low c o n c e n tra tio n , and b lock ing  w ith  h ig h e r 
c o n c e n tra tio n s ; Brockman and Burson (1957) saw only a d e p re ssan t 
e f f e c t  on c ra y f is h  neurom uscular ju n c tio n s , b u t re p o rted  th a t  a sp a r­
t i c  a c id  s tim u la te d  c ra y f is h  heart*
Van H arre veld  (1959) is o la te d  L -g lu tam ic  ac id  as  the  sub­
stance  in  e x t r a c ts  o f r a b b i t f s p a lliu m  which caused th e  c o n tra c tio n  o f 
c ru s tacean  muscle* D—Glutam ic a c id , L—a s p a r t ic  ac id  and glutam ine
ware a lso  a c t iv e  b u t a t  much h ig h e r c o n c e n tra tio n s . The saroe e x tra c t  
was a lso  a b le  to  i n i t i a t e  sp read ing  d ep ress io n  when ap p lied  onto  the 
exposed c o r te x  o f  r a b b i t s .  In  th is  in s ta n c e , however, D -glutam ic 
ac id  was very much more a c t iv e .  The o b se rv a tio n s  of F u ipu ra  e t  a l  
(19o9) concern ing  th e  a c t io n s  o f g lu tam ic and a s p a r t ic  a c id s  upon 
e x t r a c e l lu la r ly  recorded  p o te n t ia l s  in  th e  c e r e b ra l  and c e r e b e l la r  
c o rte x  a re  a ls o  in  accordance w ith  the  p re s e n t r e s u l t s ,  
ed in  P ig , 10#
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a s  i l l u s t r a t -
(4) C h o lin e rg ic  tran sm issio n  in  th e  s p in a l  cord 
(a ) In tro d u c tio n .
Tlie d i s t r ib u t io n  o f a c e ty lc h o lin e  (ACh) ch o lin e  ao e ty la so
and c h o lin e s te ra s e  w ith in  th e  mammalian c e n t r a l  nervous system has 
sugge s te d  t h a t  AOh has an im portan t fu n c tio n  as a c e n t r a l  sy n ap tic  
t r a n s m it te r  (F eldberg  1945, 195C, 1957)* In v e s t ig a t io n s  in to  th e  
a c t io n s  on b ra in  and s p in a l  cord  of d rugs having e f f e c t s  a t  p e r ip h e ra l  
c h o lin e rg ic  synapses have, however, p rov ided  a v a r ie ty  o f r e s u l t s ,  
(F eldberg  1945),
l i a b ly ,  th e  p resen ce  o f ACh in  b ra in , D ik sh it  (1934), P l a t t n e r  (1934) 
and Kwiatkowski (1935) d e sc rib e d  i t s  uneven d i s t r ib u t io n  in  the mammal­
ia n  c e n t r a l  nervous stem . However some o f  th ese  e s tim a te s  were 
probably  in a c c u ra te , because of the  methods employed, M acintosh (1941) 
has sup p lied  r e l i a b le  f ig u re s  f o r  o a ts  and dogs, H is r e s u l t s  in d ic a te  
th a t  no p a r t  o f the  c e n t r a l  nervous system i s  as  r i c h  in  ACh a s  some 
p e r ip h e ra l  nerve tru n k s and sym pathetic  g a n g lia , and th a t  w ith in  the 
b ra in  and s p in a l  cord  a c e ty lc h o lin e  i s  d i s t r ib u te d  unevenly b u t i s  
confined  m ainly to  the  gray  m a tte r . Prim ary a f f e r e n t  f ib r e s  in  the 
d o rs a l  ro o ts ,  the  d o rs a l  column, th e  m edulla and th e  pyram idal t r a c t s  
c o n ta in  l i t t l e  o r  no a c e ty lc h o lin e , I t  i s  found in  f a i r l y  h ig h  con­
c e n tr a t io n s  in  the b a s a l  g an g lia  and m idbrain*
H a rr is  and Lin (1951) ,  Wolfgram (1954), Hebb (1957) and i s  alm ost
Chang and Gadduin (1933) were th e  f i r s t  to  dem onstrate  re ­
The d i s t r ib u t io n  o f  ch o lin e  a c e ty la s e ,  the en2yme which 
sy n th e s ise s  ACh, has been s tu d ie d  by F e ld b e rg  and VogtO-948^ F e ld b e rg ,
id e n t i c a l  w ith  th a t o f  a c e ty lc h o lin e ,
4 6 .
Recent experim ents have shown th a t  th e  i n t r a c e l l u l a r  d is ­
t r ib u t io n  o f a c e ty lc h o lin e  and c h o lin e  a c e ty la se  i s  s im i la r  (Hebb and 
W hittaker 1958} and W hittaker £1959) has bean ab le  to  c o r r e la te  th e  
presence o f  a c e ty lc h o lin e  in  f r a c t io n a te d  b ra in  homogenates w ith  the 
presence  o f ’’sy n a p tic ” v e s ic le s .
The d i s t r ib u t io n  of t ru e - c h o l in e s te r a s e ,  th e  enzyme respons­
ib le  f o r  the  d e s tru c t io n  o f ACh in  th e  c e n t r a l  nervous system  has 
a lso  been s tu d ie d . O rig in a lly  th is  was dependent on a techn ique  o f 
m acroscopic h y d ro ly s is  o f a c e ty lc h o lin e  (F eld b erg  1945)* Using t h i s  
technique Burgen and Chipman (1951) found a  reaso n ab le  degree o f  c o r ­
r e la t io n  in  most a re a s  o f  th e  c e n t r a l  nervous system  between the th re e  
components o f  th e  Ach system , namely Aoh c o n te n t (M acintosh 1941) f  
c h o lin e  a c e ty la se  (F eldberg  and Vogt 1948), and c h o lin e s te ra s e ,
H istochem ical technique»w ere used by K oelle  (195Q, 1951), 
G-iacobini and H olm stedt (19 5 2 ), to  in v e s t ig a te  the d i s t r ib u t io n  o f  
c h o lin e s te ra s e  w ith  g r e a te r  p r e c is io n .  K oelle (1952, 1955) was 
fu r th e r  ab le  to  d i f f e r e n t i a t e  between tru e  and pseudo c h o lin e s te ra s e ;  
the tru e  a c e ty lc h o lin e s te ra s e  d i s t r i b u t io n ,  th u s  a c c u ra te ly  determ ined , 
co rrespond ing  w ell w ith  th a t  o f  a c e ty lc h o lin e  and c h o lin e a c e ty la se  
(K oelle  1954), the p seu d o -e s te ra se  b e in g  lo c a l is e d  c h ie f ly  in  the  w a lls  
of c a p i l l a r i e s ,  th e  muscle f ib r e s  o f  a r t e r i o l e s  and v enu les and in  
g l io c y te s .
However, F eldberg  (1957) has p o in te d  ou t t h a t  i n  i n t e r p r e t ­
in g  th e  r e s u l t s  o f t h i s  h is to c h e m ic a l m ethod, i t  must not be fo rg o tte n  
th a t  h igh  c o n c e n tra tio n s  o f tru e  c h o lin e s te ra s e  can a lso  occur in  
neurones th a t  a re  a p p a ren tly  n o n -c h o lin e rg ic . In  th e  c e n t r a l  nervous 
system  th i s  a p p lie s  to  th e  cerebe llum  which i3  r i c h  i n  tru e  c h o lin e s -
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te ra se  b u t poor in  ch o lin e  ao e ty la se  and a c e ty lc h o lin e  (Burgen and 
Chipraan (1951); wad j a  (1951)• as  quoted by F e lab erg  1957)«
F eldberg  and h is  a s s o c ia te s  (F eldberg  and Vogt 1948; F e ld - 
b e rg , H a rr is  and Lin 1951; F eldberg  1957) have p o s tu la te d  a th eo iy  o f  
a l te r n a te  c h o lin e rg ic  and non c h o lin e ig ic  tra n sm iss io n  which i s  based 
on the d i s t r i b u t io n  o f a c e ty lc h o lin e , ch o lin e  a o e ty la se  and c h o lin e s ­
te rase*  I t  i s  suggested  th a t  th o se  neurones which a re  r i c h  in  these  
components e x e r t  sy n ap tic  a c t i v i ty  by means o f ace ty lch o lin e«  Thus 
the p rim ary  a f f e r e n ts  a re  n o n -c h o lin e rg ic , b u t the c e l l s  o f  th e  cuneate  
and g r& cile  n u c le i and the l a t e r a l  g e n ic u la te  body would e x e r t  a ch o lin ­
e rg ic  sy n a p tic  a c t io n  on the  n ex t neurone in  th e  se r ie s»  A f u l l  ex­
ample o f  such a system  can be seen in  th e  o p tic  pathway (F eldberg  1957)« 
The dog r e t in a  c o n ta in s  la rg e  amounts o f ch o lin e  ao e ty la se  whereas the 
o p tic  nerve i s  f r e e  from i t»  This suggests th a t  a c e ty lc h o lin e  i s  the 
chem ical t r a n s m it te r  a t  one o r  more sy n ap tic  ju n c tio n s  in  th e  r e t i n a ,  
bu t th a t  th e  o p t ic  nerve i s  non-cho linerg ic*  The n ex t neurone in  the 
o p tic  pathway may again  be c h o lin e rg ic  as  in d ic a te d  by the h igh  v a lu e  
found fo r  th e  l a t e r a l  g e n ic u la te  bod ies where t h i s  neuron begins»
There i s  a lso  evidence th a t  a c e ty lc h o lin e  i s  re le a se d  from 
nervous t i s s u e  d u rin g  a c t i v i t y  and th a t  t h i s  i s  accompanied by a f a l l  
in  th e  a c e ty lc h o lin e  co n ten t o f t is su e s*  Recent experim ents in  
th ree  la b o ra to r ie s  have shown th a t  d e f in i te  v a r ia t io n s  in  th e  a c e ty l ­
c h o lin e  c o n te n t o f  b ra in  occur in  r e l a t i o n  to  the  s ta te  o f  fu n c tio n a l  
a c t i v i ty  (T o b ias , L ip ton  and L ep in a t 1946; R ic h te r  and C rossland  
1949; K l l i o t t ,  Swank and Henderson 1950)* H ighest v a lu es  were ob­
ta in e d  in  deep a n a e s th e s ia  and low est v a lues during  convulsions*
A ce ty lch o lin e  has been d e te c te d  in  th e  venous outflow  from the
48
a lm ost com p le te ly  is o la te d  c a t ’ s "brain p e rfused  w ith  d i lu te d  e s e r in -  
ise d  b lood (ch u te ,  Fe ldberg  and Smyth 1940) t and from  the low er end 
o f  the  dog’ s s p in a l co rd  perfused  w ith  e s e r in is e d  R inge rs ’ s o lu t io n  
(B u lb r in g  and Burn 1941), Such spontaneous re lease  o f  a c e ty lc h o lin e  
is  in  accordance w i th  the  concept o f  con tinuous  a c t iv i t y  i n  the  c e n t­
r a l  nervous system, F u rth e r B u lb r in g  and Burn (1941) found th a t  th e  
o u tp u t in c reased  d u rin g  a p e r io d  o f r e f le x  a c t iv i t y  ob ta ined by s tim u­
la t io n  o f  the  c e n t r a l  end o f  the c a t s c ia t ic  nerve, A c e ty lc h o lin e  
lias a ls o  been de tec ted  in  th e  c e re b ro s p in a l f l u i d  c o lle c te d  from  the 
cys te rn a  magna o f  c a ts  and dogs when ese rin e  was in je c te d  in tra v e n o u s ­
ly  o r  in to  the  pe rfused  v e n t r ic le s  (F e ldberg  and S c h rie ve r 1956 j  Adam, 
M o K a il, Obrador and W ilso n , 1938), F in a l ly  th e re  are the obse rva tions  
o f  M acintosh and O borin  (1953) on the  re lea se  o f  a c e ty lc h o lin e  from  
the c e re b ra l c o r te x , A c e ty lc h o lin e  transuded in to  a sm a ll volume o f  
e s e r in is e d  s a lin e  p laced  on the  c e re b ra l c o r te x . The amount o f
a c e ty lc h o lin e  was decreased by deep anaesthes ia . Thus th e re  seems
to  be a c lo se  r e la t io n s h ip  between th e  a c e ty lc h o lin e  con ten t o f  the 
b ra in ,  e le c t r ic a l  c o r t i c a l  a c t iv i t y  and re lease  o f  a c e ty lc h o lin e  from 
the c o r te x .
4-9
Cb) In te rn e u ro n e s  and M otoneurones,
I n v e s t i g a t io n s  on th e  c e n t r a l  e f f e c t s  o f  a c e ty lc h o l in e  and 
a n t i c h o l in e s te r a s e s  have produced  a v a r i e ty  o f  c o n f l i c t i n g  r e s u l t s  
and i n  on ly  one c a se  h as  a  c h o l in e r g ic  synapse been  id e n t i f i e d  
(E c c ls s  e t  a l  1954).
Mary o f  th e  m ethods by w hich a c e ty lc h o l in e  has been a p p l ie d  
to  s p in a l  and c e r e b r a l  n eu rones have n o t been  s u f f i c i e n t l y  lo c a l i s e d  
i n  t h e i r  s i t e  o f  a c t i o n  and th e  r e p o r te d  a c t io n s  may have a r i s e n  i n ­
d i r e c t l y ,  A c e ty lc h o lin e  i s  a  p o w erfu l e x c i t a n t  o f  c e r t a i n  p e r ip h e r a l  
r e c e p to r s ,  in c lu d in g  m e ch an ic a l r e c e p to r s  from  th e  s k in  o f  th e  c a t  and 
th e  dog (Brown and Gray 1948 J D ouglas and Gray 1953) and th e  o a t Ts 
tongue (L andgren , L i l j e s t r a n d  and S o tte rm an  1954); and c h em ica l 
r e c e p to r s  o f th e  c a t* s  to n g u e , (Landgren e t  a l  1954) and c a ro t id  body 
(von E u le r ,  L i l j e s t r a n d  and Z otterm an 1941), A o e tv lc h o lin e  a ls o  s tim u­
l a t e s  p a in  r e c e p to r s  i n  humans (A rm strong , D iy , K eele and Markham 1953; 
Skouby 1951), A tro p in e  does no t a f f e c t  th e  a c t io n  o f  a c e ty lc h o lin e  on 
th e  m a jo r i ty  o f  th e se  r e c e p to r s ,  b u t  i t  has been found t o  r a i s e  th e  
th re s h o ld  f o r  p a in  s e n s a t io n  i n  th e  human (Skouby 1951), ACh (H unt 
1952) evokes th e  d is c h a rg e  o f  a f f e r e n t  im p u lses  from m uscle s p in d le s .
I n  a d d i t io n  a c e ty lc h o l in e  may produce b o th  lo c a l i s e d  and g e n e ra l is e d  
v a s c u la r  changes w hich a l s o  may in f lu e n c e  n e u ro n a l b eh av io u r.
I n  v iew  o f  th e se  p e r ip h e r a l  and v a s c u la r  e f f e c t s  o f  a c e ty l ­
c h o l in e ,  r e p o r ts  o f  i t s  e f f e c t s  on th e  s p in a l  c o rd , e s p e c ia l ly  when 
a d m in is te re d  in t ra v e n o u s ly  o r  in to  a r t e r i a l  system s o th e r  th a n  th o se  
d i r e c t l y  su p p ly in g  th e  a re a  u n d er o b s e rv a t io n ,  m ust be viewed w ith
b  A C .
c a u tio n *  (F e ld b e rg  and Minz 1932; S c h w e itz e r  and W right 1937^ 1938;
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McKail, Obr&dor and Wilson 1941; Calma and Wright 1944),
I n  an a ttem p t to  overcome some o f  th e se  problem s Bulb r in g  e t  
a l  (1948) developed a method o f  app ly ing  d rugs d i r e c t ly  to  the lumbar 
s p in a l co rd  by in je c t io n  in to  i t s  a r t e r i a l  system . The e f f e c t s  o f  tha 
s tim u la tio n  o f  p e r ip h e ra l  re c e p to rs  were p reven ted  by d e a f fe re n ta t io n  
o f  th e  s p in a l  c o rd . They were ab le  to  evoke f le x io n  movements o f  the 
h ind  lim bs and to  modify re f le x e s  e l i c i t e d  by m edullary s tim u la tio n  
(Skoglund 1947), F e ld b e rg , Gray and P erry  (1953) in v e s t ig a te d  the 
e f f e c t s  o f  i n t r a - a r t e r i a l  in je c t io n  o f a c e ty lc h o lin e  in to  the  upper 
c e r v ic a l  segm ents o f  th e  s p in a l  co rd . The consequent spontaneous 
a c t i v i ty  recorded from th e  v e n tra l  ro o ts  and m o d ifica tio n  o f  the sp in a l 
r e f le x e s  le d  to  the  su gge s t io n  th a t  th e re  were c h o lin e rg ic  synapses on 
po ly  sy n a p tic  pathways from d o rs a l  to  v e n t r a l  ro o ts .  However, no ac­
count was tak en  o f  the p o s s ib i l i t y  th a t  th e  in je c t io n  would s tim u la te  
p e r ip h e ra l  re c e p to r  o rgans and so a c t  in d i r e c t ly  on th e  s p in a l  co rd ,
C u r t is ,  S e c ie s  and S e c ie s  (1957), ex clu d in g  the  s tim u la tio n  o f 
p e r ip h e ra l  re c ep to rs  by d e a f fe re n ta t io n  o f th e  s p in a l  c o rd , observed 
th a t  e c e ty lc h o lin e  and n ic o tin e  caused a t r a n s ie n t  d ep re ss io n  o f  the 
m onosynaptic re f le x e s  o f f le x o r  and e x te n so r  m otoneurones, to g e th e r w ith  
p o ly sy n a p tic  r e f le x e s ,  and suggested th a t  th i3  was due to  the e x c i ta t io n  
o f  Renshaw c e l l s  w ith  t h e i r  consequent in h ib i to ry  a c tio n s  on motoneur­
ones, The d ischarge  o f  d o rs a l  horn c e l l s  in  the d e a ffe re n te d  lumbo­
s a c ra l  s p in a l  cord fo llo w in g  the  i n t r a - a r t e r i a l  in je c t io n  o f  a c e ty l­
ch o lin e  has s in ce  been re p o rte d  (Fernandez de M olina e t  a l  1958) 
to g e th e r  w ith  a re d u c tio n  in  the m onosynaptic and p o ly sy n ap tic  r e f le a e s .  
These experim ents were conducted w ith  s p in a l is e d  n o n -an aes th e tised  
an im als , and th e  d ischarge  o f d o rs a l  horn c e l l s  was seldom seen  when
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the an im als were a n ae s th e tise d *  This may be an im p o rtan t observa­
t io n ,  f o r  i f  th e  e x c i ta to r y  ao tio n s  o f a c e ty lc h o lin e  were be ing  re la y ­
ed th rough  to  m otoneurones by a p o ly sy n ap tic  pathway o f s e v e r a l  c e l l s ,  
an a nae b the t i c  would be expected  to  g re a t ly  reduce i t*
I n  a re o e n t p ap e r K is se l  and Domino (1959) have t r i e d  to  ex­
c lude th e  a f fe c ts  o f  changes in  sy stem ic  blood pressure« by u sing  a 
s t a b i l i s i n g  apparatus*  They concluded t h a t  the  e f f e c t s  o f  a c e ty l­
ch o lin e  on p a t e l l a r  and e x te n so r  r e f le x e s  were p r im a r i ly  due t o  the  
accompanying changes in  blood p ressu re*  However, in  the p resence o f  
a n t ic h o l in e s te r a s e s ,  a c e ty lc h o lin e  produced some spontaneous a c t i v i ty  
upon e l i c i t a t i o n  of th e  c ro ssed  e x te n so r  re flex *  T h is , they p o s tu la t ­
ed was due to th e  p resence  o f ch o lin o cep tiv e  f a c i l i t a t o r y  in te rn e u ro n e s .
A ce ty lch o lin e  has been ap p lied  in  s o lu t io n  to  th e  d o rs a l  suj>* 
face o f the s p in a l  co rd  (B ernhard , Skoglund and Thernan 1947) w ith  
r e s u l t s  o f  d o u b tfu l value as re g a rd s  th e  m o d if ic a tio n s  in  r e f le x  
p a t te n s ,  b u t of p robab le  s ig n if ic a n c e  i n  t h a t  they  reco rded  an in c re a s ­
ed cord  n e g a tiv i ty  which cou ld  w e ll have been duß to  an e x c i ta t io n  o f  
neurones w ith in . Kennard*s (1953) r e s u l t s ,  ob ta ined  by in je c t in g  
a c e ty lc h o lin e  d i r e c t ly  in to  the  s p in a l  co rd  and reco rd in g  muscle 
tw itc h e s  o f f e r  f u r th e r  evidence o f a d i r e c t  c e n t r a l  s tim u la n t a c t io n  
o f a c e ty lc h o lin e .
Of th e  a n t ic h o l in e s te r a s e s ;  e s e r in e  and p ro s tig m in e  have 
been in v e s t ig a te d  to  th e  g re a te s t  ex tent*  Evidence o f  the  mode o f  
a c tio n  o f  th e se  su b stan ces  i s  co n fusing , Calma and W right (1947) 
in je c te d  e se r in e  in to  th e  s p in a l  th eca  p roducing  an in c re a s e  in  the 
knee je r k  and c ro ssed  e x te n s io n  r e f le x  b u t v a r ia b le  e f f e o t s  i n  the 
f le x io n  r e f le x e s ,  Calma (1949) ap p lied  p ro s tig p d n e  in tr a th e c a lü y
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and found th a t  f le x o r  r e f le x e s  were g e n e ra lly  in c re a se d . The i n t r a ­
a r t e r i a l  in je c t io n  experim ents o f P e ld b erg  e t  a l  (1953) dem onstrated 
th a t  e s e r in e  behaved very s im ila r ly  to  a c e ty lc h o lin e  i n  in c re a s in g  the 
p o ly sy n a p tic  d ischarge* More r e c e n t ly * Taverner (1954) app ly ing  
e se r in e  i n t r a - a r t e r i a l l y  in  th e  cat*  in c re a se d  p o ly sy n ap tic  and mono- 
syna£>tio re f le x e s*  and dep ressed  f le x o r  r e f le x e s .  In v e s t ig a t io n s  w ith  
T a trae tV y l pyrophosphate (TEFP )* Hexaethy 1 pyrophosphate (HSEP)* 
D iiso p ro p y l fluo rophosphate  (DFP) * and D im etlylphosphoram idocyanidie 
acid^  e t l y l  e s t e r  (Tabun) (Channels and W right 1947; Channels* Floyd 
and W right 1949* 1951; H olm stedt and Skoglund 1953; Holm stedt 1954) 
y ie ld e d  somewhat v a ry in g  r e s u l t s  w ith  s p in a l  r e f le x e s ,
A con fusing  p ic tu re  a r i s e s  o u t o f  the in v e s t ig a t io n s  in to  the 
a l t e r a t i o n s  in  s p in a l  r e f le x e s  induces by a c e ty lc h o lin e  and a n t i ­
c h o l in e s te r a s e s ,  A d ecrease  in  r e f le x  s iz e  does no t n e c e s sa r ily  in ­
d ic a te  t h a t  tra n sm iss io n  a lo n g  th a t  pathway i s  be ing  in h ib i te d  (C u r tis  
e t  a l  1957)* eq u a lly  adequate e x p la n a tio n s  in c lu d e  a des e n s i t i s a t io n  
o f p o s tsy n a p tic  re c e p to rs  o r  a d ecrease  in  th e  e x c i t a b i l i t y  o f  the p r e -  
sy n ap tic  l in e s  due to p r i o r  d e p o la r is a t io n  by an e x c i ta n t  compound* 
(Frank and F u o rtes  1957; Socles*  S o c le s  and Magni unpublished  observa­
t io n s ) ,  However* the spon taneously  a r i s in g  e x c i ta t io n  o f  F e ldberg  e t  
a l  (1955) * Kennar^.(l953); Fernandez de M olina e t  a l  (1956) does su ggest 
the p resen ce  o f  c h o lin o c e p tiv e  neurones w ith in  the s p in a l cord  which 
have an  e x c i ta to ry  a c tio n  on o th e r  in te rn e u ro n e s  and perhaps mo to ­
ne u r ones,
In  th e  p re s e n t  in v e s t ig a t io n  a c e ty lc h o lin e  was ap p lied  io n to -  
p h o re t ic a l ly  in to  the  v i c in i t y  o f  a number o f  in te m e u ro n e s  (37) o f 
the d o rs a l  horn and in te rm e d ia te  nuc leus o f th e  s p in a l  c o rd . I t  was
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a ls o  p assed  onto the  su rfa ce  o f  motoneurones w h ils t  i n t r a c e l l u l a r  
p o te n t i a l s  were recorded  sim ultaneously  by the  c e n t r a l  b a r r e l  o f  a 
c o - a x ia l  e lec tro d e*  No a c t io n  was observed upon in te rn e u ro n e s  o r  
upon the  r e s t in g  and p o s tsy n a p tic  p o te n t i a l s  o f  m otoneurones. Since 
the p resen ce  of p seu d o -ch o lin es te rase  (o f ,  K oelle 1955' throughout th e  
c e n t r a l  nervous system  may be tak en  to in d ic a te  t h a t  ch o lin e  e s te r s  
o th e r  th an  a c e ty lc h o lin e  a re  a lso  im p o rtan t m ediato rs o f  sy n ap tic  
tra n sm iss io n , a range o f cholinom im etic substances was te s te d  on 
in te rn eu ro n es»
Mary ch o lin e  e s t e r s  are known to  occur in  mammalian nervous 
t i s s u e s  in c lu d in g  p ro p io ry lc h o lin e  (H osein 1957; Hebb 1959) and in ­
do le  a c e ty lc h o lin e  (G-runer and Kewitz 1955) v/hile b u ty r lc h o lin e  has 
been found to  be sy n th es ised  by b ra in  homogenates (H enschler 1956, 
c i te d  by Hebb 1959), 3ach  o f  the su b stan ces  in  Table X» A-D, the 
a c tio n s  o f which a t  c h o lin e rg ic  synapses a re  d iscussed  more f u l ly  in  
the s e c tio n  on Renshaw c e l l s ,  was ap p lie d  io n to p h o re tio a lly  to  a t  
l e a s t  th re e  in te ra e u ro n e s  in  each of two anim als* No e f f e c t s  o f  axy 
of th e  sub stan ces  were observed on e i t h e r  the  s y n a p tic a lly  evoked 
sp ik e s  o r on th e  background d isch arg e  o f  c e l ls *  Many o f th e  sub­
s ta n c e s  i n  Table I  were a lso  passed  in to  the environm ent o f moto­
neurones, th e re  b e in g  no observab le  e f f e c t s  o f  ary  substanoe upon 
e x t r a c e l lu la r ly  recorded  f i e ld  p o te n t i a l s  evoked by orthodrom ic o r
an tid ro m ic  s tim u la tio n ,
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( c ) The pharm acology o f  Renshaw C a l ls ,
I t  h as  a lre a d y  been  d em o n stra ted  th a t  th e  pharm acology o f  
e x c i t a t io n  o f  Renshaw c e l l s  by v o l le y s  in  m otor axon c o l l a t e r a l s  
re sem b le s  c lo s e ly  th a t  o f mammalian n eu ro -m u scu la r  tran sm issio n *  
A c e ty lc h o lin e  can th e re fo re  be a c c e p te d  a s  an e x c i ta to r y  t r a n s m i t t e r  
from  th e se  c o l l a t e r a l s  to  Renshaw c e l ls *  (S e c ie s  e t  a l  1954j E c c ls s  
e t  a l  1956j C u r t i s  and E c c le s  1958 a and b ) .  T h is  f in d in g  h as  been 
an im p o rta n t c o n f irm a tio n  o f  D a le ’ s P rin cip le  (D ale 1935j E c c le s  1957) 
t h a t  any one c l a s s  o f  n erv e  c e l l  o p e ra te s  a t  a l l  i t s  synapses by the 
same ch em ica l t r a n s m i t t e r  substance*
Renshaw c e l l s  can a ls o  be f i r e d  by v o lle y s  e n te r in g  the  
s p in a l  co rd  in  th e  dorsal ro o ts  and i t  i s  p o s s ib le  t h a t  t h i s  e x c i t a ­
t i o n  ta k e s  p la o e  w ith o u t the mediation o f  motoneurone3 , b e in g  e i t h e r  
d ir e c t  or re la y e d  th ro u g h  in te rm e d ia ry  in te rn e u ro n s 3 , I f  th is  i s
e e , c er ta in  primary a fferen t f ib  re s ,  other than motoneurones may 
have the a b i l i ty  to  synth esise  and relea se  a cety lch o lin e  from th e ir  
term in als. The p o s s ib i l i t y  must a lso  be considered , however, that 
Renshaw c e l l s  respond to  ex c ita to ry  transm itters other than a cety l­
c h o lin e , I t  was therefore necessary to in v e s tig a te  not only the 
re la t io n sh ip  between the f ir in g  o f motoneurones and Renshaw c e l l s  by 
d orsa l root v o lle y s  but a lso  whether a l l  synaptic e x c ita tio n  o f  
Renshaw c e l l s  i s  c h o lin erg ic .
Dorsal root a ffe r e n t v o lley s  varied  g rea tly  in  the e f f e c t ­
iven ess  with which they evoked responses o f Renshaw c e l l s ,  Mary 
Rsnshaw c e l l s  did not respond at a l l  to  maximal d orsa l root stimu­
la t io n , w h ils t  others were f ir e d  by v o lle y s  in i t ia te d  in a var iety
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o f  d i f f e r e n t  muscle and cutaneous a f f e r e n t  f i b r e s .  The c e l l s  r e ­
sponded to  d o rs a l  ro o t  v o lle y s  w ith v a r ia b le  l a te n c ie s 9 th e re  being 
u s u a lly  two groups o f s p ik e s . With c e n t r a l  la te n c ie s  of the o rd e r  
o f  1 .5  -  2 m sec .,  i t  has been suggested  th a t  Hie re sp o n ses  a re  the 
r e s u l t  o f m otoneuronal d isch a rg e  (jSooles e t  a l  1954, Frank and 
F u o rte s  1956), however, i t  cannot be excluded on th e  p re se n t evidence 
th a t  Renshaw c e l l s  a re  f i r e d  d i r e c t ly  by a f f e r e n t  f i b r e s .  When the  
c e n t r a l  la te n c y  of f i r i n g  exceeded 5 -4  m sec ., i t  cou ld  n o t r e a d ily  
be a sc r ib e d  to  e i t h e r  o f  th e se  c au se s . These lo nger la te n cy  d is ­
charges were u s u a lly  seen a t  h ig h e r  i n t e n s i t i e s  of s tim u la tio n  than  
th e  s h o r t  la te n c y  re sp o n se s , and were f re q u e n tly  accompanied by a  
p o ly sy n ap tic  m otoneuronal d isc h a rg e . Thus in  common w ith  the  s h o r t  
la te n c y  re sp o n se s , they  may a ls o  have been a  consequence o f moto­
n eu ro n a l a c t i v a t io n ,  b u t i t  canno t be excluded th a t  i t  occurred  a f t e r  
r e la y  o f th e  d o rs a l  ro o t  v o lle y  th rough  in  t e r  neurones w ith o u t the  
m ed ia tion  o f  m otoneurones.
I n  th e  e s ta b lish m e n t o f a c e ty lc h o lin e  on Hie t r a n s m it te r  
re le a s e d  a t  th e  synapses between axon c o l l a t e r a l s  and Renshaw c e l l s ,  
the e f f e c t s  o f c u ra re - l ik e  b lo ck in g  ag en ts  and a n t ic h o l in e s te ra s e s  
on sy n ap tic  responses p layed  a  prom inent r o l e .  These ag en ts  were 
th e re fo re  used to  determ ine w hether th e  t r a n s m it te r  re le a se d  upon 
Renshaw c e l l s  subsequent to  d o rs a l  ro o t s t im u la tio n  i s  a ls o  a c e ty l ­
c h o lin e . The c o n tro l  resp o n ses  of F ig . 15 (A) and (B) were produc­
ed by maximal d o rs a l  and v e n tra l  ro o t s t im u la tio n  re s p e c t iv e ly .  
Im m ediately fo llo w in g  th e se  reo o rd s  0*5 mgm/kg o f e se r in e  s a l i c y la te  
was ad m in is te red  in tra v e n o u s ly  and the groups o f  re c o rd s  (c) ,  (D) and 
( £ ) ,  (F) were tak en  2^ m inu tes and 4 m inutes l a t e r  u s in g  th e  same
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s t i muli  a s  (A) and (b ) r e s p e c t iv e ly .  Both foxms o f sy n ap tic  r e ­
sponse were p ro longed . T h ir ty  seconds a f t e r  (e ) and (F) lmg/kg 
b
d ity  dr© -B -erjthroidine (DHE) was ad m in is te red  in trav en o u sly  and w ith ­
in  50 seconds as shown in  (G) and (h ) th e re  was a  re d u c tio n  in  the 
number o f  responses evoked by the  two ty p e s  o f  s t im u la tio n .
Such experim ents were perform ed upon Re ns haw o e l l s  in  two 
an im als w ith  id e n t ic a l  r e s u l t s  and ap p aren tly  e s ta b lis h e d  th e  
c h o lin e rg ic  na tu re  o f  th e  e x c i ta t io n  produced by d o rs a l  ro o t vo lleys»  
I n  two o th e r  anim als DHE a lone  was a d m in is te re d , the responses o f 
Re ns haw c e l l s  to  b o th  d o rs a l  and v e n t r a l  ro o t v o lle y s  being suppress­
e d . However, in  a  fu r th e r  two an im als; in trav en o u s  DHE had no 
e f f e c t  upon the Re ns haw c e l l s  d isch arg e  evoked by d o rsa l ro o t  v o l l ­
e y s , a lth o u g h  i t  a b o lish e d  the re sp o n ses  to  v e n t r a l  r o o t  v o lle y s , 
( e .g .  F ig .  16).
In v e s t ig a t io n s  u s in g  in trav e n o u s ly  ad m in is te red  DHE were 
l im ite d  by th e  n e c e s s ity  o f  w a itin g  6-6  hours between d o ses , 
e s p e c ia l ly  when th e se  were a s  la rg e  as  1-2 mg/kg. F u r th e r ,  doses 
o f t h i s  s iz e  d id  no t a b o lis h  the  e x c i ta n t  a c t io n  of ie n to p h o re tio -  
a l l y  a p p lie d  a c e ty lc h o lin e *  The sp ike  responses o f F ig .  16 were 
reco rded  n ea r a  s in g le  Renshaw c e l l  by means o f  th e  c e n t r a l  b a r r e l  
o f a  f iv e  b a r r e l  e le c tro d e .  The s y n a p tic a l ly  evoked responses 
were e l i c i t e d  e i t h e r  by a maximal v e n tr a l  ro o t s tim u lus ^A, E , G, H) 
o r  by a maximal d o rs a l  ro o t s tim u lu s  (B , C, D, F ) . The resp o n ses  
o f  (c) and (G) were e l i c i t e d  by a c e ty lc h o lin e  and those  o f (D) and 
(H) by g lu tam ate  io n ; th e se  two su b stan ces  being  ap p lied  from 
d i f f e r e n t  b a r r e ls  by c u r re n ts  o f 100 mpA in  the a p p ro p ria te  d ire o -
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tions* Following the control responses (A-D), 0.5 mg/kg of DHE 
was administered intravenously and the corresponding responses (E-ü) 
recorded 17, 19, 52 and 43 seconds later* Although the responses 
to ventral root stimulations were abolished apart from 3 spikes (g) 
the spikes evoked by acetylcholine (G-) and glutamate ion (h ) were not 
significantly changed in frequency and those evoked by the dorsal 
root volley (F) were unaltered in number. A further dose of 0*5 
mg/kg of EHE failed to influence these spikes during the subsequent 
10 minutes«
If it be assumed that DHE is uniformly distributed in the 
tissues after intravenous injection, the local concentration obtained 
by a dose of 1 mg/kg is approximately 4X lO^M* Higher local con­
centrations are attainable when this substance is passed iontophoret-
ioally from a micro-electrode* It is probable that under these
-3circumstances; concentrations of the order of 10 M are obtained 
when currents of 100-200 mpA are used (Curtis, Perrin and Watkins 
1900)* Moreover, when administered in this manner DHE effectively 
abolished the excitant action upon Renshaw cells of similarly applied 
acetylcholine (Curtis and gocles 1956 b)» The responses of the 
Renshaw cell of Fig* 17 were evoked by a ventral root stimulus (A-D 
and I-L); by a dorsal root stimulus (g-H and M-P), by acetylcholine 
(C, Gr, K, 0) and by glutamate ion (D, H, L, P). Acetylcholine and 
glutamate ion were passed iontophoretically from different barrels 
of the five barrel electrode, using a cationic current of 70 mpA 
and an anionic current of 110 mpA respectively« After the control 
responses (A-H) a current of 120 mpA passed DES as a cation from 
another barrel of the electrode; 30 seconds later acetylcholine
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failed to excite this cell, (K and 0) whereas glutamate ion (L and p) 
remained effective* The number of spikes produced by the ventral 
root stimulus was reduced whereas those evoked by the dorsal root 
volley were either unaltered or increased in number* The DHB was 
applied to this cell for 5 minutes, the ventral root responses being 
further reduced whereas no further change was observed in either the 
glutamate or dorsal root volley-evoked spikes* These results are 
typical of those obtained from 14 cells in 10 different preparations* 
Maqy of the substances listed in Table I were applied ion to- 
phonetically t© Rons haw cells* In addition to the choline esters 
previously reported as excitants of Renshaw cells (Curtis and Socles 
1958 a), propiony lcholins , oro tony Ich© line, Urocanyloholine, BB-dim- 
ethylacrylycholine and n-butyryl-choline were also effective. They 
all had a longer duration of action following the termination of the 
applying current than acetylcholine*
All the anticholinesterase substances of Table I increased 
and prolonged the responses of Renshaw cells to both synaptic and 
applied acetylcholine excitation* Thus it can be postulated that 
NTJ 685, NU 1250, 284C51 act similarly to prostigraine and edrophonium 
(Tensilon) and all reach the synaptic area on Renshaw cells* A 
variety of blocking agents were investigated including gallamine,
C5, C6, arfonad, prestonal and hexamine* All of these substances 
reduced the effectiveness with which ientophoretioally applied aoetyl- 
oholine or ventral root volleys excited Renshaw cells, and it was 
evident that none of them were as potent as DHh# Gamma-amino- 
bu^yrylcholine, a naturally occurring ester of choline has been
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p o s tu la te d  a s  an in h ib i to r y  tra n s m it te r  substance (K u ria k i, Yaku- 
s h i j i ,  Nor©, Shim izu and S a j i  1953). When ap p lied  to  o e re b ra l  
c o r te x  i t  m s  re p o rte d  to  have a  GABA-like a c t io n ,  b lock ing  the  s u r ­
face  p o te n t ia l s  a r i s in g  in  response to  d i r e c t  s tim u la tio n  and stim u­
la t io n  o f  p e r ip h e ra l  nerves* (T akahash i, Nagashima and Koshino 
1956; T akahashi, Nagashima, Koshino and Takahashi 1959)»
However, Honour and McLennan (I960) were unable to  reproduce 
t h i s  find ing*
When a p p lie d  io n to p h o re t ic a l ly  onto in te rn eu ro n es  in  th e  o a t 
s p in a l  c o rd , -am in o -b u ty ric  ho l in e  was w ithou t e f f e c t  on bo th  the 
s y n a p tio a l ly  and g lutam ate-evoked f i r i n g .  On Renshaw c e l l s ,  however, 
i t  dep ressed  th e  sy n a p tic  response and blocked Ihe f i r i n g  by bo th  
a o e ty lo h o lin e  and glutam ate* F req u en tly  a f t e r  the c e s s a t io n  o f  
a p p l ic a t io n  the c e l l  d isch a rg ed  sp o n tan eo u sly , o r  had a  p ro longed r e ­
sponse to  s t im u la t io n . The resp o n ses  o f th e  Renshaw c e l l  shown in
F ig .  18 were reco rd ed  by th e  c e n t r a l  b a r r e l  of a  f iv e  b a r r e l  e lec trode
3
At F ig . 18 (A k ) )( -amino-butyrjOLoholine was ap p lie d  by a  c a t io n ic  
c u r re n t  o f  100 mpA f o r  4 seconds, and the response to  s t im u la t io n  was 
a lm ost com pletely  a b o lish e d . A fte r  the c e s s a t io n  o f  th e  app ly ing  
c u rre n t (B | )  th e  sy n ap tic  response was prolonged by about 50msec.
C was recorded  5 seconds l a t e r  when the response  had re tu rn e d  to  
norm al. With some c e l l s  the  c e« sa tio n  o f a p p lic a t io n  was fo llow ed 
by a  b u r s t  o f  spontaneous a c t i v i ty  l a s t in g  s e v e ra l  hundred m i l l i s e c ­
onds.
S ince L -glu tam ate io n  e x c i ta t io n  was a ls o  b locked , the 
a c tio n  o f  ^  -am ino-butyxyloh© line cannot be f u l ly  ex p la in ed  by an 
in a c t iv a t io n  o f c h o lin e rg ic  r e c e p to r s .  In  view o f  th e  s im i la r i ty
r l i b r a r y  t - j
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between i t s  a c tio n  and t h a t  o f GABA, i t  i s  p o s s ib le  th a t  i t  was being 
ty d ro ly se d  o h o l in e s te r a s e ,  y ie ld in g  GABA and c h o lin e . In h e re n t in  
the  p o s tu la te ,  however, i s  th e  assum ption th a t  th e re  i s  r e la t iv e ly  
l i t t l e  o h o lin e s te ra s e  i n  th e  v ic in i ty  ©f non—c h o lin e rg ic  in te rn e u ro n e s , 
f o r  i f  t h i s  were n o t so , y  -am in o -b u ty iy lch o lin e  would be expected  to  
b lock  th e se  also« A ttem pts to  in a c t iv a te  th e  c h o lin e s te ra s e  around 
Renshaw c e l l s  w ith  io n to p h o re t ic a l ly  ap p lie d  e s e r in e  and p r o s t igjnine, 
and th u s  p rev en t th e  h y d ro ly s is  o f y -am in o -bu ty iy lcho lin© , d id  not 
y ie ld  d e f in i te  r e s u lts *
61,
Other Possible Transmitter Substance3 »
(a) Adrenaline and Nag-adrenaline.
Noradrenaline and adrenaline were first described in mammal­
ian brain by von Euler (1946) and Holtz (I960)» The quantities were 
small and it was assumed that they oould be accounted for by the 
adrenergic transmitter in postganglionic sympathetic fibres which form 
part of the vasomotor supply to cerebral vessels. However, when the 
precise distribution of sympathomimetio amines in brain was determined 
(¥ogt 1954, 1957 a and b) the distribution did not follow the general 
vascularity of the brain, indicating that these substances were also 
present in brain outside the vasometor fibres. The substances occurr­
ed together, adrenaline being usually in the lower concentration. High 
concentrations occur in the type thalamus and mid-brain and area postrema, 
whereas the cerebrum, cerebellum and spinal cord contain very little.
Synthesis of the catechol amines apparently starts from tyro - 
sine. The biesynthetio pathway outlined by Blasohko (1959, 1942), in­
volving the formation of 5, 4-dihydroxypherylalanine (dop«) and dopamine 
as intermediates is the most strongly favoured route but alternative 
pathways have been postulated (Kirshner 1959).
The conversion of dopa to dopamine is catalysed by L-dopa 
decarboxylase (Hols 1959) an enzyme that may be identical with 5 -i\yd- 
roxy tryptophan decarboxylase (Westerman, Baiser and Knell 1958) $ 
Blaschko, Garter, O'Brien and Sloane-Stanley (1948) found that pyridoxal 
phosphate was & necessary c e-fact or for the enzyme and Weissb&ch, 
Bogdanski, Bedfield and Udenfriend (1957) have reported that somioarba- 
zide inhibits its action, apparently by inhibiting the co-factor.
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Mondamin« ox idase which may be p a r t i a l l y  re sp o n sib le  f o r  th e  
d e s tru c t io n  of n o rad ren a lin e  (Kuntzman, Mead, B rodie and Shore 1958; 
Z e l le r  1959) i s  r e l a t i v e ly  even ly  d i s t r ib u te d  throughout th e  b r a in ,  
(Bogdansk i ,  W eissbach and U denfriend 1957)« Catechol-O-m ethy 1 tr a n s ­
f e r a s e ,  an o th er enzyme which d e s tro y s  ad ren a lin e  and n o rad ren a lin e  i s  
w idely d is t r ib u te d  th roughou t th e  botfy in c lu d in g  the  nervous system  
(A xelrod 1957, A xelrod , A lbers and Clemente 1959) and may re p re se n t 
the  p r in c ip a l  m etab o lic  pathway (La Br o s s e ,  A xelrod and Kety 1958)»
An a n a ly s is  o f th e  a c t io n s  o f in tr a v a s o u la r ly  ad m in is te red  a d re n a lin e  
and n o rad ren a lin e  has been com plicated  by the  re c e n t f in d in g  th a t  the 
b lo o d -b ra in  b a r r i e r  i s  r e l a t i v e ly  impermeable to  the  ca techo l-am ines 
(A xelrod , W eil-M alherbe and Tomchick 1959; R o se n b la tt, Chanley,
Sobetka and Kaufman I960)»
P rev ious r e p o r ts  o f th e  a c t io n  o f a d re n a lin e  on s p in a l  
neurones in c lu d e  d e p re ss io n  o f th e  knee je rk  by in trav e n o u s ly  adm inis­
te re d  a d re n a lin e  (S ch w eitzer and W right 1937^; in c re a s e s  in  the  knee 
je r k  and f le x o r  r e f le x e s  (B u lb ring  and Burn 1941)» B u lb ring  and Burn 
a lso  re p o rte d  th a t  i n  th e  p resence o f a d re n a lin e , sm all amounts o f  
a c e ty lc h o lin e  caused  a spontaneous d isch a rg e  o f  f le x o r  motoneurones» 
B ernhard , Skoglund and Therman (1947) found th a t  a d re n a lin e  and 
a c e ty lc h o lin e  had o p p o s ite  e f f e c t s  when ap p lie d  to p ic a l ly  onto th e  
s p in a l  cord* I n  the  s p in a l is e d  u n a n a e s th e tise d  c a ts  a d ren a lin e  p ro ­
duced a marked e x c i t a t io n  o f neurones follow ed by a prolonged d e p re ss ­
io n ,  (S tavraky  1947) th e se  changes be in g  a p p a ren tly  independent of the  
blood p re s su re  which was s t a b i l i s e d .  B u lb rin g , Burn and Skoglund 
( l9 4 8 j  again  dem onstrated  an  in te r a c t io n  between a d re n a lin e  and a c e ty l ­
c h o lin e  and found ttia t  in  a n ima l s  in  which f le x o r  o r  e x te n so r  movements
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wore elicited by medullary stimulation and increased by intra-arterial 
acetylcholine, these effects were modified by a simultaneous intra­
venous perfusion of adrenaline or even reversed by intra-arterial 
adrenaline alone* These results were extended by Bernhard and Skog- 
lund (1953) who demonstrated an augnaentation of extensor monosynaptic 
reflexes but a diminution of flexor monosynaptic and polysynaptic 
reflexes and Wilson (1956) who recorded an increase in extensor re­
flexes, which in spinalised oats was well sustained« Curtis, Secies 
and Secies (1957) reported that adrenaline and noradrenaline were 
generally without effect 6n spinal reflexes but occasionally had a 
potentiating effect* Ten Cate, Boeles and Biersteker (1959) also 
potentiated the extensor reflexes (knee Jerk) and this was often foll­
owed by a period of depressed responsiveness*
In another blood pressure stabilised preparation, adrenaline 
and noradrenaline produced phasic inhibition and a slight facilitation 
of the patellar reflex only« Kissel and Domino (1959) interpreted 
this as representing a direct oentr&l action*
The two conclusions that can be drawn from these results are 
that adrenaline and noradrenaline potentiate (a) the extensor reflexes 
and (b) the action of acetylcholine; on some occasions, they decreased 
the flexor reflexes«
In the present investigation sympathomimetic drugs, Table II A 
(i) their antagonists Table II A (ii) which block the synaptic receptor 
sites (Nickerson 1949) and their potentiatiors Tabje II A (iii) which 
inhibit monoamine oxidase, were tested iontophoretically on at least 
five interneurones in several preparations without effect«
(b) 5 -Hydroxy tryp tam lne ( 5 -HT)»
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T his compound ocours i n  th e  s p in a l  cord  and b ra in  where i t s  
d i s t r ib u t io n  i s  s im i la r  to  th a t  o f  th e  catecho lam ines (B ogdanski, 
W eissbach and U denfriend (1957); B e r t l e r  and Rosengren 1959)# In  
th e  s p in a l  cord  i t  i s  p re s e n t  i n  th e  g ray  m a tte r  bu t n o t i n  d o rs a l  and 
v e n t r a l  ro o ts  or w hite m a tte r  (Amin, Crawford and G&ddum 1954) i n  
nervous t i s s u e  i t  i s  p robab ly  sy n th es ised  from th e  e s s e n t i a l  amino a d d  
try p to p h an  by conversion  to  5 -hydroxyptophan and then  d ecarb o x y la tio n  
to  5-HT» (U denfriend , T i tu s ,  W eissbach and P e te rso n  1956; Gaddum 
and Giarman 1956) P y rid o x a l phosphate i s  a. co-enzyme f o r  t h i s  reac tio n  
(B urton and S in c la i r  1956).
D e s tru c tio n  o f  5 -HT may be by co n v ersion  to  5  -hydroxyindole- 
a c e t ic  a c id ,  an o x id a tiv e  deam ination e f fe c te d  by mono-amine oxidase 
(SJoerdsm a, Sm ith , S tevenson and U denfriend 1955)*
P harm aco log ically  5 -HT i s  a  smooth muscle s tim u lan t»  The 
a n ta g o n is ts  o f  t h i s  a c t io n  have been in v e s t ig a te d  by Gaddum and Hameed 
(1954) and have been d iv id ed  in to  th re e  groups -  the  e rg o t a lk a lo id s  
in c lu d in g  ly s e rg ic  a c id  d ie thy lam ide  (LSD), the  harm ala a lk a lo id s  and 
yohimbine» A d m in is tra tio n  o f  some o f  th e se  a lk a lo id s  can cause 
m ental a b e r ra t io n  (Woolley and Shaw 1954 a»b») ,  and t h i s  led  to  the 
su g g es tio n  th a t 5 -HT was a c e n t r a l  nervous tra n sm itte r»  However, not 
a l l  th e  su b stan ces  which an tag o n ise  th e  a c t io n  o f 5 -HT on smooth museLe 
lead  to  o o n d itio n s  o f  m en ta l de-arrangem ent and th e  th e o r ie s  o f  Woolley 
and Shaw may need re v is io n  on th i s  poin t»  Thus BOL 148, a sim ple 
bromide d e r iv a t iv e  o f  TfiD has no c e n tr a l  e f f e c t s  ( C e r le t t i  and R o th lin  
1955).
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Resexpine and several other rauwolfia alkaloids release 5 -HT 
from brain stores (Brodie and Shore 1957). At the sites of release 
5 -HT is probably destroyed by monoamine oxidase and the tissue re­
mains depleted for several hours« Brodie has developed the theoxy 
that the sedation induced by reserpine is the result of this release 
of 5 -HT* However, the rauwolfia alkaloids do not specifically 
release 5-HT, for instance reserpine releases the catechol amines as 
well in most species (Holzbauer and Vogt 1956; von Suler and Lishajk© 
1960).
Studies on the action of 5-HT on the nervous system have 
been hindered by the impermeability of the blood brain barrier with 
regard to 5-HT (Wooley and Shaw 1954b). Moreover, 5-HT stimulates 
several types of peripheral receptors including pain receptors (Arm­
strong et al 1955), ohemoreoeptors and baroreoeptors (Douglas and 
Toh 1955; G-inzel and Kottegoda 1954; MoCubbin, Green, Salmoiraghi 
and Page 1956) and this may account for some of the reported actions.
The findings of Slater, Davis, Leary and Boyd (1955) give no 
satisfactory evidence towards the role of 5-HT in the spinal cord as 
their preparations had not been de-afferented. Likewise Kissel and
Domino (1959) acknowledge that the phasic inhibition and facilitation 
of the patellar and crossed extensor reflexes seen in their experi­
ments could have been due to peripheral actions also, and Curtis et 
al (1955) were unable to obtain evidence of either excitation or 
inhibition after deafferentation.
However, it is possible that in none of these preparations 
was the 5-HT actually penetrating the blood brain barrier. A solu­
tion to this problem may be obtained by using 5 »^ydroxy-txyptophan
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( 5 **ITP) which readily crosses the barrier and results in large in­
creases in the5-HT content of nervous tissue* (Udenfriend, 
Weissbach and Bogdanski 1957).
In the present series of experiments 5-HT and 6 -hydroxy- 
try ptamine creatinine sulphate were applied iontophoretically on to 
interneurones in several preparations without observing ary effect* 
(Table II. B).
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Histamina and Adonosine triphosphate (ATP).
Histamine and mepyramine, an antagonist, were tested follow- 
ing reports by Hausier and Sterz (1952), Hausier (1955) and Trendelen­
burg (1957) that histamine stimulates frog motoneurones and superior 
cervical ganglia respectively and by Kissel and Domino (1959) that it 
depressed spinal reflexes «hen administered intravenously* Close 
intra-arterial injection into a de-afferented spinal cord (Curtis et 
al 1957) failed to reveal ar\y aotion however. Histamine is known to 
be present in sensoiy nerves (Kwiatkowski 1943) and might therefore 
be liberated at their central terminals*
Adenosine triphosphate (ATP) has been postulated as the anti­
dromic vasodilator substance, and therefore might be expected to act 
as the transmitter at the central end of sensory fibres (Dale 1935), 
Hellauer and Umrath (1947, 1948). Hellauer (1953) and Umrath (1953) 
extracted a substance from dorsal roots, which was not present in 
ventral roots* Other investigations by Holton and Holton (1953,
1954) have defined the actual capillary vasodilation with both anti­
dromic stimulation and extracted substances, and have shown that the 
vasodilator substance was present in both dorsal and ventral roots in 
inverse proportion to the distribution of acetylcholine and choline 
aoetylase* They identified the substance as ATP and ADP. Intra­
arterial injection of ATP into the rabbit*s ear produced a vasodila­
tion resembling that caused by antidromic nerve stimulation* It has 
reoently been reported that ATP is released by antidromic volleys in 
sensory nerves (Holton 1959). Previous investigations with intra­
arterially injected ATP suggested that it had an action on spinal
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r e f le x e s  (B u ch th a l, fingbach, Sten-Knudsen and Thomasen 1947; Emraelin 
and F eldberg  1948) bu t t h i s  was not confirm ed by C u rtis  e t  a l  (1957).
H istam ine , mepyraraine and ATP (sodium s a l t )  were te s te d  on 
in te rn e u ro n e s  in  s e v e ra l p re p a ra t io n s  w ith o u t dem onstrable e f f e c t s .  
(Table I I ,  C and D ).
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Discussion for (4) and (5),
Acetylcholine, 6 -hydroxy tryptamine, noradrenaline, adrenaline, 
histamine and ATP are all substances which occur naturally in brain. A 
considerable volume of evidence has been built up concerning their bio- 
sythesis and destruction, most of the enzymic systems involved having 
been demonstrated in nervous tissue* Administration of acetylcholine, 
the catecholamines and 5-hydrcxytryptamine induces marked changes in 
brain activity, and similar changes have resulted from inhibition of the 
enzyme systems involved in their removal. These substances, as postu­
lated transmitters, therefore fulfil several of the criteria listed in 
the introduction.
With the exception of Renshaw cell activation by acetyloholine, 
the results presented have been purely negative, but in evaluating their 
significance several limitations of the assay technique must be borne 
in mind* Firstly, only a small proportion of the cells in the spinal 
cord would have been tested and secondly adequate concentrations of the 
substances may not have been established at the postsynaptic receptor 
sites* Although the iontophoretic ejection of the substances other 
than acetyloholine has not yet been sufficiently studied, the results 
obtained with acetylcholine applied onto Renshaw cells and with the 
amino acids tested in the previous section suggests that sufficient 
amounts should have been passed* Thus it can be concluded that none 
of the cells tested had synaptic receptors for the substances tested, a 
finding that cannot, however, be automatically extended to include all 
the cells in the spinal cord*
The compounds tested do not represent a complete study of
70
p o s tu la te d  t r a n s m it te r  su b stan ces . There a re  in  a d d itio n  to  th ese  
s e v e ra l  o th e r  n a tu ra l ly  o c cu rrin g  su b stan ces  known to  have pharmaco­
lo g ic a l  a c t io n s . R x o ita to ry  su b stan ces  in c lu d e  Substance P (Lembeck 
1953; Paasonen and Vogt 1956) and th e  c e n t r a l  e x c ita to ry  substance 
o f  O rossland  and M itc h e ll  (1956). F a c to r  I  c o n ta in s  o th e r  in h ib i to r y  
p r in c ip le s  b esid e  GABA (McLennan 1959) and th e  in h ib i to r y  substance 
o f L issak  and S ndrocz i (1956) i s  u n lik e ly  to  have been GABA o r  one o f  
the  r e la te d  amino a c id s . C erebro ton in  (T ay lo r and Page 1952) and 
en o ep h a lin  (Raab 1948) a re  two u n id e n t i f ie d  p re s s o r  su b stan ces  appar­
e n tly  d is tin g u is h a b le  from a d re n a lin e  and n o ra d re n a lin e  which have 
been e x tra c te d  from  b ra in*
The r e s u l t s  o b ta in ed  from Renshaw c e l l s  a re  e sp e c ia lly  
im p o r ta n t, f o r  the  ev idence su p p o rts  a  c o n c lu s io n  th a t  Rensh&w c e l l s  
have a t  l e a s t  two ch em ica lly  s p e c i f ic  sy n ap tic  r e c e p to r  s i t e s .  I f  
o th e r  neurones have t h i s  p ro p e rty  i n  common, th e  com plex ity  o f 
pharm aco log ica l an a ly se s  w i l l  be ex tended  even fu r th e r*
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(7) Atropin» and Procaine»
(a) Introduction and Results«
Atropine has been used extensively in the identification of 
cholinergic synapses (Arab&che 1955); a blocking action on transmiss­
ion at a particular synapse being indicative of its cholinergic nature* 
This usage has been further extended to the point that ary actions of 
atropine on the central nervous system have been considered to be in­
dicative of the presence of cholinergic synapses (Bradley and Sikes 
1957)* In view of the previous report of its local anaesthetic 
action (de Elio 1948) and the structural similarities to cocaine (Good­
man and Gilman 1955) it was of interest to determine if atropine had 
actions other than the blockade of cholinergic transmission, procaine,
a local anaesthetic, which also has a curare-like action at the end
b
plate region of muscle (Castillo and Katz 195*5j[) was tested to provide a 
comparison*
The depressant action of procaine on the firing of Renshaw 
cells by ventral root volleys has already been reported (Curtis and 
Eccles 1958b)* Atropine sulphate when administered intravenously in 
doses of up to 2 mg/kg (Eccles et al 1954) had a slight depressant 
action on the responses of Renshaw oells evoked by ventral root stimu­
lation, but when applied iontophoretically a more powsrful depression 
was observed, the excitant action of iontophoretically applied acetyl­
choline also being blocked* Unlike DHE however, procaine and atropine 
blocked the exoitation of Renshaw oells produced by the excitant amino 
acids*
The Renshaw cell in Pig* 19 which was excited by a ventral
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ro o t v o lle y  in  (A) a ls o  responded to  a c e ty lc h o lin e  (B) and g lu tam ate 
io n  (c)* These responses were recorded  by the o e n tr a l  b a r r e l  o f a 
f i v e - b a r r e l  e lec tro d e«  The a c e ty lc h o lin e  and g lu tam ate  io n s  were 
a p p lie d  by io n to p h o re tie  c u rre n ts  o f  100 n^A. An ion to |> horetio  
c u r re n t  o f  100 mpA then  passed  a tro p in e  from an o th er b a r r e l  o f th e  
e le c tro d e  f o r  18 seconds th e  responses (D-F) being  reco rded  d u ring  
th i s  a p p l ic a t io n ,  (Gr-l) s h o r tly  a f t e r  th e  c e s sa tio n  o f  th e  io n to p h o re t-  
i c  c u r re n t  and (J-L ) th re e  m inutes l a t e r  when com plete recovery  had 
o c cu rred . The re c o rd s  (D ),  (G-) and ( j ) ;  (E ) , (ü) and (k) and (F ) ,
(I) and (L) were evoked by th e  same s t im u l i  as (A ), (B) and (c) re ­
s p e c t iv e ly .  The r e s u l t s  i l l u s t r a t e d  i n  t h i s  f ig u re  th e re fo re  show 
th a t  a tro p in e  e i t h e r  blooks the re c e p to r s  w ith  which g lu tam io  acid  
combines as  w e ll as th o se  of a c e ty lc h o l in e ,  o r  a l t e r n a t iv e ly  th a t  i t  
h as a  more d i r e c t  a c t io n  upon the sp ik e  g en e ra tin g  mechanism«
A tropine p roved , how ever, to  be a  more e f f e c t iv e  d e p re ssa n t 
o f c h o lin e rg ic  than  amino ac id  e x c i ta t io n .  The maximum freq u en c ies  
a t  which a p p lic a tio n s  of a c e ty lc h o lin e  and g lu tam ate  io n  f i r e d  a 
Renshaw c e l l  a re  p lo t te d  i n  Fig* 2 0 , u s in g  f i l l e d  and open c i r c l e s  r e ­
s p e c t iv e ly . These su b stan ces  were a p p lie d  a l te r n a te ly  a t  8 second 
i n t e r v a l s ,  u s in g  c o n s ta n t c u r re n ts  o f 100 mpA f o r  p e r io d s  o f  4 seconds. 
The m agnitude o f th e  c u r re n t  ap p ly in g  g lu tam ate  io n  was chosen so t h a t  
th e  frequency o f f i r i n g  was lower than th a t  a t ta in e d  by a c e ty lc h o lin e . 
The co n stan cy  o f  th e  c o n tro l resp o n ses  to  the  l e f t  o f the f ig u re  e s ­
ta b l is h e d  th a t  th e  in te r fe re n c e  between th e se  a p p lic a t io n s  was m inim al. 
A f te r  th e  c o n tro l  re sp o n se s , a c u r re n t o f  15 m)*A passed  a tro p in e  in to  
th e  neighbourhood o f  th e  c e l l  f o r  57 seconds and the a l t e r n a t in g  t e s t
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a p p lic a t io n s  o f  a c e ty lc h o lin e  and g lu tam a te  io n  con tinued  during  and 
a f t e r  the passage o f t h i s  d rug . Throughout th e  s e r ie s  a  v e n tra l  ro o t 
s tim u lu s  evoked orthodrom ic responses from t h i s  o e l l  and i t  was noted 
th a t  when a tro p in e  blocked the  re sp o n ses  to  a c e ty lc h o lin e , these 
s y n a p tio a lly  e l i c i t e d  sp ik es  were a ls o  reduced in  number* However, 
th e re  was Ireiy l i t t l e  a l t e r a t i o n  i n  th e  frequency o f th e  f i r i n g  p ro ­
duced by g lu tam ate  in  th i s  se r ie s*  W ith la rg e  io n to p h o re tio  c u rre n ts  
ap p ly in g  a tro p in e ,  th e  sp ik es  evoked by bo th  g lu tam ate io n  and a c e ty l­
ch o lin e  cou ld  be blocked* A nalyses such as th e se  were perform ed upon 
s e v e ra l  c e l l s  and i t  was observed th a t  o u rre n ts  o f  tw o -th ree  tim es 
t h a t  necessary  to  b look a c e ty lc h o lin e  were necessary  to  com pletely  sup­
p re s s  th e  e x c i ta t io n  evoked by g lu ta m a te . Hence i t  may be concluded 
th a t  a tro p in e  b locks c h o lin e rg ic  synapses i n  c o n c e n tra tio n s  only 
s l ig h t ly  (2-3  tim es) low er than  those  re q u ired  to  d ep ress  th e  e x c i ta ­
t io n  o f  th e  c e l l  by L -glutam ate io n s .
A tropine and prooaine  a lso  d ep ressed  th e  sp ik es  of i n t e r ­
neurones which were evoked by orthodrom ic s tim u la tio n  and by the ex ­
c i t a n t  amino a c id s . These c e l l s ,  l i k e  m otoneurones, d id no t respond 
to  io n to p h o re t ic a l ly  a p p lie d  a c e ty lc h o lin e  and presum ably they a re  non- 
c h o lin o c e p tiv e . T his f in d in g  made i t  u n lik e ly  th a t  a tro p in e  and p ro ­
o a in e  were a c t in g  by the  blockade o f  t r a n s m i t te r  re c e p to r  s i t e s  and the  
p o s tu la te  th a t  they were in te r f e r in g  w ith  sp ike  g en e ra tin g  p ro c e sses  
was f u r th e r  te s te d  on motoneurones u s in g  o o -a x ia l  e lec tro d es*
The c e l l  i l l u s t r a t e d  in  Fig* 21 , a  ö&strocnemius m otoneurone, 
had a r e s t in g  p o te n t i a l  o f -50 to  -5 4  mV f o r  a p e r io d  o f 30 m inutes and 
sp ike  responses cou ld  be evoked by s tim u la tio n  o f the  group I  g a s tro c -  
nemium a f f e r e n t  f i b r e s  (A-F ( i )  ) ,  th e  th re s h o ld  o f the  sp ik e  be in g  in -
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dicated by the horizontal arrow in each case. The volley arrival at 
the dorsal surface of the spinal cord was indicated by the triphasio 
potential of Fig. 21 A~F (ii). In addition this cell could be ex­
cited directly by an electrical pulse of 0*3 msec* duration röiich was 
applied through the intracellular electrode. The size of this pulse 
(Fig. 21 A-F (iii) ) was varied in order to straddle the threshold of 
the cell; so producing spike potentials (Fig. 21 a -F (iv) ) in approx­
imately half of the six to eight tests. These tests were made 500 
msec, before the orthodromic responses, at one second intervals. In 
Fig* 21 (A) (1) the spike potential was produced by a maximal group I 
orthodromic volley; the threshold level of the EPSP for spike initia­
tion being indicated by the horizontal arrow. Whilst the responses 
of Fig. 21 (B) (1) were being recorded, the intensity of the stimulus 
applied to the gastrocnemius nerve was reduced in order to demonstrate 
the amplitude of the sub-threshold post-synaptic excitatory potential; 
the threshold for excitation was about 3 mV. A current of 300 myA 
then passed atropine from the outer barrel of the co-axial electrode 
for 75 seconds, the responses of (c) and (D) being recorded during 
this application and those of (E) and (F) after the termination of the 
current. Consideration of the orthodromic responses (1) shows that 
the threshold of the neuronal membrane was increased, the EPSP of (D) 
being 11 mV and yet failing to excite the cell apart from one spike. 
After the current applying atropine was terminated, the orthodromic 
activation of the cell recovered gradually, the threshold in F. being 
approximately 3 mV. These observations were paralleled by the 
changes in the direct excitability of the membrane, a pulse of three 
times the size of the control (A) failing to evoke a spike in (D).
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The r e s u l t s  from th i s  c e l l ,  which were confirm ed w ith  o th e r  c e l l s ,  in ­
d ic a te  th e re fo re  th a t a tro p in e  has a  re v e r s ib le  d ep ressan t a c tio n  upon 
the  p ro c e sse s  re sp o n s ib le  f o r  th e  i n i t i a t i o n  o f  the sp ike  p o te n t i a l  o f 
motoneurones b u t does n o t a f f e c t  the p ro d u c tio n  of e x c ita to ry  p o s t-  
sy n ap tic  p o te n t i a l s .  This a c t io n  occurs w ithou t any marked a s s o c ia t ­
ed changes in  r e s t in g  p o te n t i a l .
The r e s u l t s  o b ta in ed  when p roca ine  was ap p lie d  onto moto- 
neurones w h ils t  re c o rd s  were be ing  o b ta in ed  in t r a c e l lu l a r ly  were s im il­
ar* Fig* 22 i l l u s t r a t e s  responses from two motoneurones onto which 
p ro ca in e  was ap p lie d  io n to p h o re t ic a l ly .  The c e l l  of F ig , 22 (A-F) was 
e x c ite d  o rth o d ro m ic a lly , the  ju s t  th re sh o ld  e x c i ta to ry  p o s t-s y n a p tic  
p o te n t ia l  (EPSP) be ing  shown in  (A) and th e  tru n c a ted  sp ike in  (B ), (C ), 
(E ), and (F ) , The s tim u lu s  to  th e  gastrocnem ius nerve , which was p ro ­
ducing th e se  p o te n t i a l s ,  rem ained th roughou t th e  s e r ie s  a t  the in te n s i ty  
which was used fo r  the sp ik e  o f (B ), A c u r re n t  o f  200 myA passed  p ro ­
cain e  from th e  o u te r  b a r r e l  o f the e le c tro d e  f o r  75 seconds and the 
subsequent responses (C-F) were recorded  4 8 , 72 , 95 and 135 seconds 
a f t e r  th e  commencement o f t h i s  c u r r e n t .  In  reco rd s  (c) and (D) taken  
during  the  a p p l ic a t io n ,  th e re  was a p ro g re ss iv e  f a i l u r e  o f  sp ike genera­
t io n ;  The SPSP o f (D) being  la rg e r  than th a t  o f  (A) and y e t  f a i l i n g  
com pletely  to  evoke a sp ik e .
Recovery occurred  a f t e r  th e  te rm in a tio n  o f  the io n to p h o re tio  
cu rren t*  This c e l l  had a r e s t in g  p o te n t ia l  o f  -50mV and a low th r e s ­
hold f o r  e x c i t a t io n ,  th e  o o n tro l  va lue  o f  the  j u s t  th re sh o ld  EPSP in  
(A) being  2-3mV, In h ib i to ry  p o s t-sy n a p tic  p o te n t ia l s  were a ls o  
u n a lte re d  by p ro c a in e , thus f o r  the c e l l  i l l u s t r a t e d  in  Fig* 22 (G -l) 
each o f th e  p a i r s  o f IPSP’ s and an tid rom ic sp ike  p o te n t ia l s  were
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reco rd ed  v i r t u a l l y  s im u ltan eo u sly ; (G) being the c o n tro l  responses 
and (H) and ( i )  th e  responses du rin g  and a f t e r  th e  io n to p h o re tic  ap­
p l ic a t io n  o f p ro c a in e . The p ro ca ine  e f f e c t iv e ly  blocked th e  a n t i ­
dromic invasion  o f  th e  som a-dendretic  membrane (H) b u t f a i l e d  to  
a l t e r  th e  s iz e  o f the  IPSP« D ire c t measurement o f  th re sh o ld  of t h i s  
c e l l  was n o t a ttem p ted  b u t in  s e v e ra l o th e r  c e l l s  the  th re sh o ld  as 
in d ic a te d  by th e  s iz e  o f  the p u lse  necessary  to  produce a f u l l  spike 
was in c re a se d  by p ro c a in e . In  most c ase s  no a c t io n  was observed on 
th e  r e s t in g  p o te n t ia l  o f  c e l l s  when p ro ca ine  was a p p lie d  io n to p h o re t-  
i c a l l y  a lthough  i n  a few c e l l s  a  sm all h y p e rp o la r is a tio n  o f one to  
two m i l l i v o l t s  was observed#
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(b) D iscu ss io n »
A tropine and p ro ca in e  are b o th  t e r t i a r y  amino e s te r s  o f 
arom atio  a c id s  and have s t r u c tu r a l  fe a tu re s  in  common (Goodman and 
Gilman 1955) I n  a d d it io n  a tro p in e  and many o f  i t s  analogues p o ssess  
c o c a in e - lik e  a c tio n s  (B licke  and Kaplan 1948; de f i l io  1948). I t  was 
no t s u rp r is in g  th e re fo re  to  f in d  th a t  a tro p in e  and p ro ca in e  have 
s im i la r  e f f e c t s  on s p in a l  neurones and t h e i r  a c tio n s  can be d iscussed  
to g e th e r .  S ince e x t r a c e l lu l a r  reco rd s  only were o b ta ined  from Ren- 
shaw c e l l s  i t  cou ld  not be determ ined w hether a tro p in e  and p roca ine  
a t ta c h  to  the  d h o lin o cep tiv e  re c e p to r s ,  thus p rev en tin g  the access o f 
ch o lin e  e s t e r s ,  However, s in ce  th e  end p la te  p o te n t ia l s  and a c e ty l ­
ch o lin e  p o te n t ia l s  a t  bo th  th e  f ro g  and mammalian neurom uscular 
ju n c tio n s  a re  reduced  in  s iz e  by p ro ca in e  (C u rtis  -  unpublished  observa­
t io n s ;  C a s t i l lo  and K atz 1 9 5 ^  and s in c e  a tro p in e  was a more e f f e c t iv e  
d e p re ssa n t of a c e ty lc h o lin e  e x c i ta t io n  tha ii g lu tam ate  e x c i ta t io n ,  i t  
i s  l ik e ly  th a t  both  a tro p in e  and p ro ca in e  have a  d u a l a c t io n  on Benshaw 
c e l l s  r a i s in g  th e  th re sh o ld  o f th e  e l e c t r i c a l l y  e x c ita b le  membrane and 
h in d e rin g  th e  p ro d u c tio n  o f  EPSPs by a c e ty lc h o lin e . D ire c t observa­
tio n s  upon motoneurones in d ic a te d  th a t  a tro p in e  and p ro ca in e  r a is e d  the 
th re sh o ld  of n eu rona l membrane to  d i r e c t ,  orthodrom ic and an tidrom ic 
s t im u la t io n , w ith o u t any a l t e r a t io n  in  membrane p o te n tia l»  Prom the 
absence o f any change i n  the s iz e  o f  e x c i ta to r y  and in h ib i to r y  p o s t-  
sy n ap tic  p o te n t ia l s ,  i t  can be concluded th a t  the p o s t-sy n a p tic  membrane 
r e s is ta n c e  had not been a l te r e d  and th a t  im pulse tran sm iss io n  in  the 
p re sy n a p tic  te rm in a ls  was un im paired . These o b se rv a tio n s  would a lso  
ex p la in  th e  d e p re ssan t a c t io n s  e x h ib ite d  on in te rn e u ro n e s .
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P rev io u s  re p o r ts  o f th e  a c tio n  o f  p ro ca in e  on the squ id  
axon (S hanes, Prey gang, (fcrundfest and Amatniek 1959; Taylor 1959) 
have in d ic a te d  th a t  i t  a c ts  by p re v e n tin g  th e  i n i t i a t i o n  of neu rona l 
s p ik e s , p robab ly  by d e p re ss in g  the  e f fe c t iv e n e s s  w ith  which membrane 
d e p o la r is a t io n  produces a h ig h  sodium p e rm e ab ility  during  th e  r i s i n g  
phase o f  the sp ike  p o te n t i a l .  The p re se n t r e s u l t s  in d ic a te  th a t  
bo th  p ro ca in e  and a tro p in e  may a c t  in  th i s  fa sh io n  on s p in a l i n t e r ­
neurones and m otoneurones.
A v a r ie ty  o f  c e n t r a l  a c tio n s  o f  a tro p in e  have been d esc rib ed  
(S chw eitzer and Wright 1937 Bulb r in g  and Burn 1941; F eldberg  1945, 
1957; R in a ld i and Himwich 1955; B radley and B ikes 1957; Loeb, Magni, 
and R ossi I960) and in  mary case s  have been assumed to  be due the 
blockade of c h o lin e rg ic  ju n c tio n s*  The p re s e n t  r e s u l t s  in d ic a te  th a t  
a tro p in e  b locks n o n ch o lin e rg io  synapses i n  co n cen tra tio n s  only s l i g h t ­
ly  h ig h e r than  those  re q u ire d  to  block c h o lin e rg ic  ju n c tio n s . The 
use of a tro p in e  as a t e s t  f o r  c h o lin e rg ic  ju n c tio n s  must th e re fo re  be 
t r e a te d  w ith  c a u tio n , f o r  s u s c e p t ib i l i ty  to  a tro p in e  may not o f  i t s e l f  
e s ta b l i s h  th a t tran sm iss io n  a t  a  p a r t i c u la r  ju n c tio n a l reg io n  i s  
c h o lin e rg ic .
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S e c tio n  3>
Phaim aoolog ical in v e s t ig a t io n s  on th e  i s o la te d  toad s p in a l co rd .
(1) In tro d u c tio n .
T his se c tio n  concerns an in v e s t ig a t io n  o f  the  pharmacology o f 
the  i s o la te d  toad  s p in a l  c o rd . Many of the p rev io u s  in v e s t ig a t io n s  
in to  the  anatom y, physio logy  and pharmacology o f the c e n t r a l  nervous 
system o f am phibians have been c a r r ie d  o u t on the frog  s p in a l  cord*
For the  purposes o f  t h i s  in tro d u c to ry  rev iew , r e s u l t s  obtained  from 
th e  fro g  sp in a l cord w il l  be co n sid ered  to  be app licahb  to  the  to a d , 
though t h i s  may n o t n e c e s s a r i ly  be so . Support f o r  th e  assum ption 
th a t  th e  pharmacology o f th e  two p re p a ra tio n s  i s  s im ila r  has beeen ob­
ta in e d  in  th e  p re s e n t  in v e s t ig a t io n ,  the  r e s u l t s  of which as re g a rd s  
p o s tu la te d  t r a n s m it te r  su b s ta n c e s , compare c lo s e ly  w ith  those  o f 
A ngelucci (1956).
The anatom ica l o rg a n is a tio n  o f neurons in  th e  ft*og s p in a l 
cord  has r e c e n t ly  been s tu d ie d  in  some d e t a i l  by S i lv e r  (1942) and 
Kennard (1959). E a r l i e r  r e p o r ts  in c lu d ed  th o se  o f  G&upp (1896) and 
C a ja l (1909) which appear to  have been based p r in c ip a l ly  on the re ­
p o rte d  o b se rv a tio n s  o f  S a la  (1892). These s tu d ie s  showed th a t  w hile  
the g e n e ra l s t r u c tu r e  o f  th e  amphibian s p in a l  co rd  was s im ila r  to  th a t  
o f th e  h ig h e r  form s, some d if f e r e n c e s  in  th e  d e ta i le d  anatom ical organ­
i s a t io n  were a p p a re n t. Motoneurones e x h ib ite d  the h ig h e s t degree o f  
o rg a n is a tio n  in to  groups which showed r e la t iv e ly  c o n s ta n t fo r a ,  o r ie n ta ­
t io n  and d i s t r i b u t io n ,  w h ils t  in te rn e u ro n e s  and f ib r e  t r a c t s  were form­
ed in to  lo o se ly  k n i t  g ro u p s. The anatom ical in fo rm atio n  re p o r te d  by 
Liu and Chambers (1957) prompted B rookhart, Maohne and Fadiga (1959),
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Fadiga and Brookhart (I960) to compare the patterns of motoneurone 
discharge evoked by stimulation of ipsilateral dorsal roots and the 
ipsilateral lateral column. They confirmed that sensory-mot or 
collaterals which are prominent in the cat, are apparently infrequent 
in the frog and moreover that these primary afferents synapse onto 
the dendritic branches of motoneurones rather than the somas. The 
fibres in the lateral columns synapse directly into the motoneurone 
somas and can evoke monosynaptic reflex discharges« No reports have 
as yet been made on the presenoe of motor-axon collaterals similar to 
those ocouring in the cat# (Cajal 1909)#
Mary of the previous experiments in which the effects of 
varied stimuli and drugs were tested on amphibian spinal reflexes have 
been done on spinal frogs with an intact circulation# Whether the 
drugs were injeoted intravenously (Bonnet and Bremer 1937, 1948) or 
applied directly onto an exposed section of the 3pinal cord (Lefebre 
and Minz 1936), the experiments did not exclude the possibility that 
part of the observed change in the responses was due to actions of the 
drug elsewhere than on the neurones themselves# Torda (1940) perfus­
ed a spinalised toad with Einger's solution, isolating the gastroc­
nemius test muscle from communication with the rest of the body apart 
from the sciatic nerve, and thus excluding the muscle frcm the effect 
of circulating drug# However, the method still did not restrict 
perfusion to the spinal cord# Hausier and Sterz 1952; Bunzl, Burgen, 
Burns, Pedley and Terroux (1954) and Angeluoci (1956) all employed a 
method whereby the subarachnoid space of the vertebral canal was per­
fused with drug containing solutions whilst tba changes in reflex
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m uscular c o n tra c tio n s  evoked by e l e c t r i c a l  s t im u la tio n  o f  the lim bs 
were recorded  on a kymograph* T his techn ique  su c c e ss fu lly  p rev en ted  
the  a cc e ss  of drugs to  t i s s u e s  o th e r  than  the s p in a l  c o rd , bu t i t  did 
no t a llo w  the  s t im u la tio n  of and reco rd in g  from s p in a l  ro o ts  in  c lo se  
p rox im ity  to  th e  cord  and the access  o f drugs through the p i a l  mem­
branes may have been lim ited*
The technique of u s in g  an is o la te d  s p in a l  cord was developed 
by Kato (1934), bu t £ c c le s  (1946) f i r s t  exployed the  com pletely i s o la ­
te d  s p in a l  c o rd , using  the e l e c t r i c a l  resp o n ses  o f  a v e n tr a l  ro o t a s  a 
s ig n  o f neuronal a c t i v i t y ,  i n  the p re se n t in v e s t ig a t io n  the sp in a l 
cord  was hem isected lo n g itu d in a lly  i n  the s a g g i t a l  p lan e  and the  p re ­
p a ra t io n  was th en  mounted in  the bath w ith the exposed su rfao e  upwards* 
T his was done to  f a c i l i t a t e  th e  en try  o f  oxygen and the substances 
being  t e s t e d ,  which m ight o therw ise  have been h indered  by th e  p i a l  
membrane.
S tu d ie s  on the  is o la te d  toad  s p in a l  cord (A rak i, O tani and 
Furukawa 1953; Araki and O tani 1955) have dem onstrated  th a t the same 
b a s ic  mechanisms underly  th e  p ro c e sse s  o f  e x c ita to ry  and in h ib i to r y  
tra n sm iss io n  in  th e  am phibian as i n  the mammalian s p in a l  cord and more­
over th e  amphibian p re p a ra t io n  i s  s e n s i t iv e  to  many drugs w ith a c tio n s  
on th e  mammalian co rd . (F eldberg  1945; C rossland  1957; Paton  1958),
Pharm acolog ical in v e s t ig a t io n s  on the amphibian cord have 
p a r a l le l e d  those  on mammals, and a c e ty lc h o lin e , i t s  p o te n t i a t i e r s  and 
b lock ing  ag en ts  have ag a in  been the most w idely  te s te d  compounds* The 
e x c i ta n t  a c tio n s  o f a c e ty lc h o lin e  and e se r in e  on th e  amphibian cord 
were i n i t i a l l y  rep o rted  by Lefebre and Minz (1936) and have been f u r ­
th e r  in v e s t ig a te d  by Bonnet and Bremer (1937, 1948) E cc les  (1946,1947)
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and A ngeluoci (1956)#
O ther su b stan ces  w ith  ac tio n s  on the amphibian sp in a l cord 
in c lu d e  n ic o tin e  (B unzl e t  a l  1954), tu b o o u ra rin e  (E ccles 1946), 
s try c h n in e  (Bunzl e t  a l  1954; Angeluoci 1956; Kuno 1957), H istam ine 
(H ausier and S te rz  1952) and c a f fe in e  ( G u a l t i e r o t t i  1955).
D uring the  p re s e n t in v e s t ig a t io n s  & s e r ie s  o f  substances 
which had a lre ad y  been te s te d  io n to p h o re t ic a l ly  on neurones of the 
o a t* s  s p in a l  cord  (S ec tio n  (1) ) were te s te d  on the hem isected toad 
s p in a l  co rd . This was done w ith  a view to  determ in ing  w hether a  
r e l a t iv e ly  sim ple p re p a ra t io n  such  a s  the i s o la te d  toad  s p in a l  cord 
could  be used to  o b ta in  a p re lim in a ry  in d ic a t io n  of the a c t i v i ty  and 
mode o f a c tio n  o f such compounds, p r i o r  to  fu r th e r  te s t in g  on the 
mammalian c e n tr a l  nervous system#
P harm acolog ical evidenoe was a lso  obtained  fo r  the  p resence 
o f a  system  o f c e l l s  a k in  to  the Henshaw c e l l s  o f  the  c a t ;  th ese  
c e l l s  be ing  im m ediately re sp o n sib le  fo r  the  g en era tio n  o f the p o te n t­
i a l  p re s e n t in  th e  d o r s a l  ro o ts  a f t e r  v e n tr a l  ro o t s t im u la t io n .
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(2 ) Methods*
(a) The P re p a ra tio n .
Queensland to ad s  (Bufo m arinus) were used in  a l l  experim ents* 
The toads were c h i l l e d  in  ic e  fo r  50 m inutes to  1 hour (depending on 
t h e i r  s iz e )  u n t i l  a l l  w ithdraw al responses o f the h ind  limb to  noxious 
s t im u li  had d isap p ea red . The s p in a l cord  was then exposed by remov­
in g  th e  n e u ra l a rch es  o f the f i r s t  to  e ig h th  v e rte b ra e  and the dura 
m ater s l i t  lo n g itu d in a lly  a long  the  d o rsa l a sp e c t o f the gp inal co rd . 
Both the c e r v ic a l  and lumbar reg io n s  o f  the s p in a l cord  were te s te d  
d u rin g  th e  experim en ts. In  th e  case o f  th e  c e rv ic a l  p re p a ra t io n , th e  
fused  second and th i r d  s p in a l  ro o ts  were d is s e c te d  ou t w ith  the proxim ­
a l  p o r t io n  o f  the b ra o h ia l  nerve s t i l l  i n t a c t ,  and when the lumbar 
reg io n  was to  be te s te d  th e  e ig h th  and n in th  d o rsa l and v e n t r a l  ro o ts  
were severed a t  t h e i r  p o in t  o f e x i t  from the v e r te r b r a l  c a n a l. The 
cord  was then  tra n se c te d  a t  the base o f  the  b ra in  and the i s o la te d  
p re p a ra t io n  was iam ed ia te ly  p laced  in  oxygenated fiin g erf s so lu tio n  a t  
6-10®C, '«here i t  was lo n g itu d in a lly  hem isected in  the s a g g i ta l  p la n e . 
The dor3&l and v e n tr a l  ro o ts  were then  separated*  The v e n tra l  ro o t o f  
th e  second and th i r d  segm ents, having been d is s e c te d  fre e  o f  the d o rs a l  
ro o t g an g lio n , was s e c tio n e d  a t  i t s  p o in t o f in c lu s io n  in  the n e rv e , 
le av in g  th e  d o rsa l ro o t s t i l l  a ttach ed  to  the nerve*
The p re p a ra t io n  was then  mounted in  a sm all perspex  trough  
(p ig . 25) o f  1 .5  ml* c a p a c ity  through which p e rfu s in g  f lu id  was 
co n tin u o u sly  p assed . P oo ls o f  p a r a f f in  were re ta in e d  in  two compart­
ments a d jo in in g  th e  tro u g h , Both o f  the tf tin  w a lls  o f the tro u ^ i  
were p ie rc e d  by sm all h o le s  th rough  which the s p in a l  ro o ts  cou ld  be 
drawn in to  the  p a r r a f in  p o o ls .  The tem perature  of th e  p re p a ra t io n
84
was maintained constant by a water Jacket around the trough and 
paraffin pools ^  the temperature of the water Jacket being held con­
stant at 15*C+0«5*C, The perfusing solution and the solution con­
taining drugs to be tested were passed through separate c o ils  of thin  
polythene tubing immersed in  the water Jacket immediately prior to 
entering the bath.
The perfusing solution used during the investigation had the 
following composition NaCl, 100 mM; KGl: 2 ,5  mMj Na2HP04 2 .5  mM; 
NaftgFO^  0 .45  mMj CaCl9 2mMj NaHCO^  12mM; Glucose 2,8 mMj and was 
equilibrated with a mixture of 95$ Og and 5$ C0o* The solution had a 
pH of 7 ,4  and a ll  drug-containing solutions were adjusted to th is  pH 
with 1M NaOH or 1M RCl,
Potassium-free solutions were made up by substituting 2 ,5  mM 
NaCl for the KCl in  ordinary perfusing solutions,
When testing  the actions cf drugs on the isolated  spinal cord 
at lea st 5 mis of drug containing solution were perfused through the 
bath, 3 mis o f th is  were perfused within the in i t ia l  10 seconds and 
the remainder during the rest of the period of application# This was 
done to ensure that the requisite concentration o f substance around 
the preparation was rapidly attained and then maintained,
The dorsal roots were placed on a pair of stimulating e le c t­
rodes of platinum wire immersed in the pools o f paraffin. Ventral 
root responses w re recorded between a s ilv er -s ilv e r  chloride electrode 
placed on the root close to i t s  out end and a second s ilv e r -s ilv e r  
chloride electrode which was used as the ground electrode in the bath. 
The distance between the electrode on tile ventral root and the bath was 
2-4 mm and 12-14 ram with the cervical and lumbar preparations respect-
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iv e ly ,  When n o t in  use the two s i lv e r —s i lv e r  c h lo r id e  e le c tro d e s  
were immersed i n  a c o n ta in e r  o f p e rfu s in g  o o lu tio n  and th e i r  te rm in a ls  
connected , so th a t  in  o p e ra tio n  only a sm all b u t s teady  p o te n t i a l  o f 
0*5 -  1 mV developed between the e lec tro d es*  I n  experim ents in v o lv ­
in g  th e  reco rd in g  of p o te n t i a l s  in  the d o rs a l  ro o ts  fo llo w in g  s tim u la ­
t io n  o f a d ja c e n t d o rs a l  and i p s i l a t e r a l  v e n tr a l  r o o ts ,  p la tinum  
e le c tro d e s  were p laced  on bo th  d o rsa l and v e n t r a l  ro o ts  of the e ig h th  
and n in th  lumbar segments*
(b) D o rsa l and V e n tra l Root Responses and t h e i r  I n te r p r e ta t io n ,
A v o lle y  e n te r in g  the  toad  s p in a l cord  in  one of the  d o rs a l  
ro o ts  produces a complex response in  th e  corresponding  and a d jacen t 
v e n tr a l  ro o ts .  T h is  response  i s  composed of a slow  e le c tn e to n ic a l ly  
p ro p a g a tin g  p o te n t i a l  ( v e n tra l  ro o t negative  to  b a th ) w ith  a d u ra tio n  
o f s e v e ra l  hundred m illise c o n d s ; superim posed upon which a re  the con­
ducted  sp ike  re sp o n se s . I n t r a c e l l u l a r  reco rd in g  (A raki e t  a l  1953) has 
shown th a t  an a f f e r e n t  v o lle y  in  the d o rs a l  ro o ts  o f  a toad  s p in a l  cord 
causes th e  g e n e ra tio n  of a slow  p o s i t iv e  p o s t-s y n a p tic  e x c ita to ry  p o t­
e n t i a l s  i n  th e  somas o f raotoneurones. This p o te n t i a l  a r i s e s  i n  a s tep ­
wise fa sh io n  and can be in c re a se d  in  magnitude by s tim u li  o f g r e a te r  
in te n s i ty  o r by r e p e t i t iv e  s t im u la t io n . When i t  reach es  th resh o ld  
l e v e l  th e  c e l l  d isch a rg es  and a  sp ike  p o te n t i a l  ap p ea rs . The s te p ­
w ise in c re a se  i n  m agnitude o f the p o te n t i a l  i s  a p p a re n tly  due to  the 
a d d it io n  o f su ccess iv e  EESPr s caused by the d isch a rg in g  o f i n t e r ­
neurones* T his p o t e n t i a l  p ro p ag a tes  e le c t r o to n ic a l ly  in to  th e  v e n t r a l  
ro o ts  w ith  th e  conducted m otoneuronal d isch a rg e s  superimposed on i t ,
Slow n eg a tiv e  p o te n t ia l s  in  th e  v e n tr a l  ro o t th e re fo re  in d ic a te  a
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d e p o la r is a t io n  o f motoneurones. Conversely p o s i t iv e  p o te n t ia l s  w i l l
in d ic a te  a  l \y p e rp o la r is a tio n  o f th e  m otoneuronal membrane r e la t iv e  to  
th e  p re v a i l in g  r e s t in g  p o te n t i a l .  Thus i f  drugs added to  the b a th  
evoke a p o te n t i a l  change which i s  reco rd ed  in  the v e n t r a l  ro o t i t  can 
be assumed th a t  t h i s  r e f l e c t s  a change in  the r e s t in g  p o te n t i a l  o f  
m otoneurones which can be due to  a  d i r e c t  a c tio n  on the  motoneurone 
membrane; and in d i r e c t  a c tio n  v ia  in te rn e u ro n a l bombardment; o r a 
com bination of both  a c t io n s .
Slow neg a tiv e  p o te n t ia l s  (DRp) a re  a ls o  s e t  up i n  the ad jac ­
e n t d o rs a l  ro o ts  and upon th ese  th e re  may a ls o  be the superimposed 
d isch a rg e s  o f  the d o rs a l  ro o t  r e f le x  (DEE) (B arron and Matthews 1955). 
S tim u la tio n  o f a v e n t r a l  ro o t  f re q u e n tly  oauses the  appearanoe o f  a 
sm all n eg a tiv e  p o te n t i a l  in  the co rrespond ing  and a d ja c e n t d o rsa l 
ro o ts  (B arron and Matthews 1958), T his p o te n t ia l  w i l l  be re p re se n t­
ed by th e  symbols VE -  DEP. The o r ig in  o f th e  d o rs a l  ro o t p o te n t­
i a l s  i s  s t i l l  u n c e r ta in  and w i l l  be d iscussed  l a t e r ,  but the m agnit­
ude o f th e  d o rsa l ro o t  r e f le x  i s  ap p aren tly  a fu n c tio n  o f the  r a te  o f 
r i s e  o f th e  d o rsa l r o o t  p o te n t ia l  (T regear 1958),
The potency o f  compounds which depressed  neuronal d isch a rg es  
was e s tim ated  by comparing t h e i r  a c tio n s  on the magnitude o f the  slow 
p o te n t i a l  i n  th e  v e n t r a l  ro o t d e sc rib ed  above. I f  the  d o rsa l ro o t 
i s  s tim u la te d  a t  freq u en c ie s  o f tw elve p e r  m inute o r le s s  and a t  
c o n s ta n t i n t e n s i t y ,  th e  m agnitude of t h i s  p o te n t i a l  w i l l  rem ain u n a l­
te re d  f o r  long p e r io d s . The m agnitude of the slow p o te n t i a l  was 
e s tim a te d  by in te g r a t in g  the response  e l e c t r i c a l l y  f o r  600 msec, a f te r  
s u i ta b le  a m p lif ic a t io n , using  a s in g le  sided  a m p lif ie r  o f  3 second
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tim e c o n s ta n t. The in te g r a to r  had a tim e c o n s ta n t o f 10 seconds.
A second a m p lif ie r  o f s h o r te r  tim e co n sta n t was a lso  a v a ila b le  fo r  
o b serv in g  the  f a s te r  components o f th e  response*
A measure o f th e  potency  o f  e x c i ta n t  drugs was ob ta in ed  
from th e  magnitude o f  the  negative  p o t e n t i a l  change th a t  was recorded 
from the  v e n tr a l  r o o ts .  T his p o te n t ia l*  i f  o f s u f f ic ie n t  magnitude 
was surmounted by th e  axonal sp ik es  o f d isch a rg in g  motoneurones and 
must re p re se n t a m otoneuronal d e p o la r isa tio n *  though as p rev io u s ly  
m entioned th e  s i t e  o f a c t io n  o f the  drug which evokes i t  cannot be 
d e fin e d . To reco rd  th e se  p o te n t ia l s  the  v e n tra l  ro o t e lec tro d e  was 
connected  to  a d i r e c t  coupled a m p lif ie r  and the am plified  p o te n t ia l  
f lu c tu a t io n s  were th e n  recorded  on moving f i lm  o r by a p ap e r r e c o rd e r
When reco rd s  o f th e  p o te n t ia l  ch arges i n  the v e n tra l  ro o ts  
a re  made w ith  a d ire c t-c o u p le d  (DC) a m p l i f ie r ,  they r e f l e c t  the 
p o t e n t i a l  changes th a t  a re  o ccu rrin g  in  the m otoneuronal somas o f 
those  motoneurones whose axoms l i e  in  th e  ro o t. The recorded p o te n t * 
i a l  a c tu a l ly  re p re se n ts  an average o f the in d iv id u a l  changes o f a l l  
the motoneurones in v o lv ed . S ince sim ultaneous i n t r a c e l lu l a r  s tu d ie s  
were no t c a r r ie d  o u t i t  i s  no t known what f r a c t io n  o f the  m otoneuronal 
soma p o te n t i a l  changes were recorded  in  th e  v e n tra l  root*  The m agnit • 
ude o f  th e se  p o te n t ia l  changes i s  th e re fo re  a  u s e f u l  in d ic a to r  o f  the  
m agnitude o f th e  c e n t r a l  e f f e c t s  only when used to  compare the a c t io n  
o f v a r io u s  drugs on th e  same p rep a ra tio n #
(° )  The A ctions o f drugs on D o rsa l and V e n tra l R oots,
R ep resen ta tiv e  su b stan ces  of the a c tiv e  groups of compounds 
were a lso  te s te d  on b o th  d o rsa l and v e n t r a l  ro o t f ib r e s .  In  these
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experim ents s p in a l  ro o ts ,  sec tio n ed  a t  t h e i r  p o in t  of emergence from 
the  s p in a l  co rd , were la id  a c ro ss  th e  tro u g h  w ith  an end in  each of 
the p a r a f f in  pools# S tim u la tin g  p la tinum  e le c tro d e s  were p laced  dn  
one end and a s i l v e r - s i l v e r  c h lo r id e  e le c tro d e  dn  the o th e r ,  the
second s i l v e r - s i l v e r  c h lo r id e  e le c tro d e  being  p laced  in  the trough  as
-2th e  ground e lec tro d e#  C o n cen tra tions o f 10 M oarbam inocholine, 
L -g lu tam ic a c id  and GABA were a l l  w ith o u t e f f e c t  on the conduction o f  
im pulses a lo n g  th e  r o o t s ,  and no d e p o la r is a tio n  was ev id en t w ith  the 
two e x c i ta n ts  a t  c o n c e n tra tio n s  which had marked e f f e c t s  on th e  s p in a l
cord
(3) The A ction  o f GABA and L-Glutamic Acid on the V e n tra l
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Root responses of th e  is o la te d  toad sp in a l cord ,
(a) GABA
When te s te d  on the  r e f le x  responses o f the  is o la te d  hemi- 
sec te d  s p in a l  cord of the  to a d , the  n e u tra l  amino a c id ,  GABA, had a 
d e p re ssa n t action*  The com paratively  sh o rt la ten cy  component o f 
the r e f l e x  responses i l l u s t r a t e d  in  Big# 24 were recorded  from the 
v e n t r a l  ro o t  o f th e  second and th i r d  s p in a l  segm ents, and evoked by
s tim u la tio n  o f  th e  co rrespond ing  d o rs a l  root# A fte r  the c o n tro l  r e -
-4sponse Pig* 24 (a) 5 *  10 M GABA was p e rfu sed  through the  b a th , the 
resp o n ses  (£) and (c) being  recorded  30 and 8Q seconds a f t e r  the o n se t 
o f  pe rfu sio n *  The b a th  was then washed and the  p re p a ra tio n  had r e ­
covered f u l ly  150 seconds l a t e r .  When h ig h e r c o n c e n tra tio n s  o f  GABA 
were p e rfu sed  th rough the b a th  the response was f u r th e r  dep ressed .
P ig , 24 (S , P , G, H) a n d f t ,  J ,  K, L) i l l u s t r a t e  the  e f f e c t s  10~^M and 
—310 M GABA re s p e c tiv e ly  on th e  same re f le x  resp o n se , (P) and (G)
—3were recorded  30 and 75 seconds a f t e r  the  o n se t o f p e rfu s io n  w ith  10 M
GABA, a f t e r  washing the  response  took 2 m inu tes to  recover* ( j )  and
—3(K) were reco rded  10 and 3o seconds a f t e r  a p p lic a t io n  o f 5X 10 M GABA
and in  th i s  case the  response  took 6 m inu tes to  recover,
With some c e r v ic a l  p re p a ra tio n s  t h i s  i n i t i a l  r e la t iv e ly
synchronous sh o rt la te n cy  component o f the r e f le x  response could only
—3 —2be depressed  by h igh  c o n c e n tra tio n s  o f GABA (5X 10 -  10 M) even
though the  in te g ra te d  t o t a l  response was c o n sid e rab ly  reduced in  mag­
n itu d e  by lower c o n c e n tra tio n s . An example o f  t h i s  type o f response 
i s  i l l u s t r a t e d  in  P ig , 25. P ig , 25 (a) ( i )  and ( i i )  i l l u s t r a t e
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r e s p e c t iv e ly  the v e n t r a l  ro o t  response as recorded  th rough an a m p lif ie r
o f  s h o r t  tim e c o n s ta n t (10 m sec.) and the in te g r a t io n  o f th i s  re sp o n se ,
the  p a ram ete rs  f o r  th e  re c o rd in g  o f which in c luded  in te g r a t io n  f o r  600
msec, w ith  a long tim e c o n s ta n t a m p lif ie r  a s  d e sc rib ed  p re v io u s ly  in  th e
“ 5m ethods. GABA a t  10 M c o n ce n tra tio n s  was th en  ap p lied  and the  respon­
ses  B ( i )  and ( i i )  reco rded  60 seconds l a t e r .  The GABA c o n ta in in g  
s o lu t io n  was th en  washed ou t and th e  p re p a ra t io n  had recovered  w ith in  
60 seconds (c) ( i )  and ( i i ) .  In  P ig . 25 (DH?) a re  i l l u s t r a t e d  the ven­
t r a l  ro o t r e f le x  responses recorded  from a lumbar p re p a ra t io n . In  -this 
case  th e  responses o f (D) ( i )  were recorded  th rough  -the same a m p lif ie r  
a s  the in te g ra te d  re sp o n se ,  and the slow  n eg a tiv e  p o te n t ia l  induced in
the v e n tr a l  ro o t i s  c le a r ly  i l l u s t r a t e d  ( i i ) ,  w ith  th e  sp ike  d isch arg es
—3superimposed on i t ,  10 M GABA was ap p lied  a f t e r  the  c o n tro l responses 
had been recorded  and in  (s )  ( i )  and ( i i )  recorded  55 seconds l a t e r ,  i t  
can be seen th a t both  th e  slow  p o te n t ia l  and the  superimposed sp ik es  
have been reduced as w e ll a s  the in te g ra te d  response . A fte r  washing 
th e  responses o f the p re p a ra t io n  recovered in  70 seconds, (p ) .
I t  i s  p robab le  th a t  th e  propagated  slow p o te n t i a l ,  which in ­
d ic a te s  a p ro longed d e p o la r is a t io n  o f  motoneurones i s  generated  by im­
p u ls e s  re a ch in g  m otoneurones as a  r e s u l t  o f in te rn e u ro n e s  f i r i n g  r e p e t i t ­
iv e ly  a f t e r  th e  d o rsa l ro o t v o lle y , I t  i s  reasonab le  to  c o n sid e r th a t  
such m u ltisy n a p tic  netw orks would be more s u sc e p tib le  to  the  a c t io n  o f a 
d e p re ssan t drug than  the  pathways in v o lv in g  only one o r two synapses.
Thus Henneman, Kaplan and Unna (1949); Kaada (1950); and L atim er (1956) 
have a l l  shown th a t  m yanesin (m ephenesin, to ls e r o l )  depressed  in t e r ­
neu ro n a l pathways in  low er doses than  were re q u ire d  to block monosynaptic 
pathw ays.
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The m agnitude o f  th e  d ep ressan t a c t io n  o f GAEA v a rie d  c o n sid e r­
ably  from p re p a ra tio n  to  p re p a ra t io n  and rep ea ted  a p p lic a t io n  o f  GABA 
in  high c o n c e n tra tio n s  on the  one p re p a ra t io n  fre q u e n tly  re s u l te d  in  a 
d e c lin e  in  po tency . The a c t io n s  o f a  s e r ie s  o f c o n c e n tra tio n s  of 
GABA i s  i l l u s t r a t e d  in  P ig . 26. The in te g ra te d  responses only are
shown (A ), (B) and (c) being  th e  resp o n ses  b e fo re , d u rin g  and a f t e r
—4th e  a p p l ic a t io n  of 5YlQ M GABA. The h e ig h t o f  the in te g ra te d  re ­
sponse has been decreased  a l i t t l e  bu t la r g e r  d ecreases  were produced 
by 5 *  10 GABA in  the s e r ie s  (D-F) and 10 2M GABA in  the  s e r ie s  (G-l). 
The r e s u l t s  o f th e se  and o th e r  a p p lic a t io n s  o f GABA onto th e  same, 
p re p a ra t io n  are  shown in  P ig . 27 where the  p e rcen tag e  red u c tio n  i n  the 
f i n a l  h e ig h t o f the in te g ra te d  response i s  p lo t te d  a g a in s t  the con­
c e n tr a t io n s  o f th e  GABA s o lu t io n s .  The a p p lic a t io n s  a re  numbered in  *
o rd e r  o f t h e i r  occu rren ce . The " f a l l in g - o f f "  i n  e f f e c t  o f the  low er
—2c o n c e n tra tio n s  a f t e r  th e  a p p lic a t io n  o f a h ig h  c o n ce n tra tio n  (IQ M) 
o f  GABA i s  c le a r ly  i l l u s t r a t e d ,
e le c tro d e
'Ähen re c o rd in g  the p o te n t ia l  between a s i lv e r^ -s ilv e r  c h lo r id e ^  
in  th e  b a th  and one on th e  v e n tr a l  ro o t w ith  a DC a m p lif ie r  in  the 
absence o f d o rs a l  ro o t s t im u la t io n , GABA was found to have a v a r ia b le  
e f f e c t .  On th e  m a jo rity  o f p re p a ra t io n s  i t  d id  not produce any de­
te c ta b le  p o te n t ia l  changes i n  the  v e n tr a l  ro o t even a t  c o n c e n tra ta tio n s  
—3as h ig h  as  10 A. However, w ith  o th e r  p re p a ra t io n s , a p o s i t iv e  p o te n t­
i a l  developed between the  sp in a l co rd  and the v e n tr a l  ro o t ( th i s  ap­
p eared  to  have a sea so n a l b a s is  in  th a t  i t  occurred  most freq u e n tly  in  
sp r in g  and e a r ly  summer). The magnitude o f th i s  p o te n t ia l  change 
cou ld  be a l te r e d  by v a r ia t io n s  i n  the GABA c o n c e n tra tio n , b u t rep ea ted  
a p p lic a tio n s  o f  GABA alm ost in v a r ia b ly  re s u lte d  i n  a  p ro g re s s iv e ly
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diminishing potential change until either only a small or no effect 
could be seen*
Previous investigations on motoneurones of the mammalian 
spinal cord (Section A) had indicated that GABA decreased the membrane 
resistance without ary alteration in membrane potential, and its 
action had been considered to involve an increase in chloride ion mem­
brane permeability. The present results, which represent a hyper­
polarisation of the toad raotoneurone soma, could have been due either 
to a blockage of background excitation of motoneurones or a membrane 
permeability increase to an ion, amongst others such as potassium ion, 
which had an equilibrium potential above the resting potential, Hachne, 
Fadiga and Brookhart (1959) have reported that the blood plasma potass­
ium level of frogs was considerably higher during the spring months and 
it is possible that this is associated with an increase in the intra­
cellular potassium. When placed in a perfusing solution of lower 
potassium content than the plasma, cells in the preparation would tend 
to lose some of their intracellular potassium until the correct pro­
portions for the maintenance of the resting potential had been re-estab­
lished, If GABA increased the membrane permeability to potassium, the 
rate of exit would be thereby increased with a consequent hyperpolarisa- 
tion of the membrane.
The effects of potassium deficient solutions on the preparation 
were ascertained in the presence and absence of GABA* The application 
of potassium free solutions was followed by a positive potential change 
which increased slowly for several minutes. If potassium-free solutions 
containing GABA were perfused into the bath when the potential variation 
had reached a plateau, a further increase in the positive potential
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change was observed , and on w ashing, th i s  decreased  to  the former 
p la te a u  le v e l .  I f  normal (potassium  co n ta in in g ) p e rfu s io n  so lu tio n  
was th e n  passed  through the bath  th e  p o te n t ia l  re tu rn ed  to i t s  
o r ig in a l  le v e l ,  A v a r ia t io n  o f  th i s  experim ent was a lso  t r i e d ,  P o ta s s ­
iu m -free  s o lu tio n s  and p o ta ss iu m -fre e  s o lu tio n s  co n ta in in g  GABA were 
te s te d  on th e  s p in a l  c o rd , th e  magnitude o f  th e  p o s i t iv e  p o te n t ia l  
change w ith in  a  l im ite d  p e rio d  b e in g  taken  as an in d ic a t io n  o f  the p e r ­
m e a b ility  o f neuronal membrane to  po tassium . P ig , 28 (A, B, C)
i l l u s t r a t e s  such an experim en t. At the f i r s t  arrow  in  P ig , 28 (A)
-4
10 M GABA s o lu tio n  was x « rfu sed  th rough  the b a th , and then a f t e r  5 
m inutes o f  a p p l ic a t io n ,  p e r fu s io n  w ith R in g er1s so lu tio n  was recommenc­
ed , The GABA s o lu tio n  d id  no t cause any h y p e rp o la r is a tio n  by i t s e l f ,
-4A p o ta ss iu m -fre e  s o lu t io n  c o n ta in in g  IQ M GABA was then  (B) p e rfu sed  
co n tin u o u sly  through th e  b a th  f o r  2 m inutes and a p o s i t iv e  p o te n t ia l  
s h i f t  ensued which ra p id ly  recovered  a f t e r  washing, When a po tassium - 
f r e e  so lu tio n  alone (c) was p e rfu sed  th rough the b a th  fo r  2 m inutes a 
much sm a lle r p o te n t ia l  change was induced . These experim ents were 
rep ea ted  on f iv e  p re p a ra t io n s  and i n  each case a  la rg e r  p o te n t i a l  
change was s e t  up when p o ta ss iu m -fre e  s o lu tio n s  were ap p lied  to g e th e r  
w ith  GABA* than was observed when th e  p o ta ss iu m -free  so lu tio n  a lone  was 
a p p lie d .
These r e s u l t s  th e re fo re  suggest th a t  GABA produces an in c re ase  
in  th e  membrane p e rm e a b ility  to  potassium  io n s  i n  the p re p a ra t io n  under 
s tu d y , T h is i s  i n  c o n t r a - d is t in c t io n  to  neurones of the mammalian cord  
where no h y p e ip o la r is a t io n  occurred  and no in c re a se  i n  p e rm e a b ility  to  
po tassium  was invoked.
The p re p a ra t io n  used in  th ese  experim ents was u n an aes th e tised *
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w h ils t  the  c a ts  used in  the  in v e s t ig a t io n  (S ec tio n  A) were a n a e s th e t i s ­
ed w ith  p e n to b a rb i ta l  sodium (N em butal). Thus i t  was considered  to  be 
o f i n t e r e s t  to  see whether Nembutal could  a l t e r  the  responses o f the
toed  cord  to  GABA* The lumbar p re p a ra t io n  from which P ig . 29 (a) was
—5 —3re c o rd ed , responded to  10 id and 2 *  10 ii GABA so lu tio n s  ap p lied  f o r  1 
m inute w ith  the p o s i t iv e  p o te n t i a l s  i l l u s t r a t e d  ( i )  and ( i i ) ,  A so lu ­
t io n  c o n ta in in g  1:1G>000 Nembutal was th e n  p e rfu sed  through the b a th  and
—3when a so lu tio n  c f  2X 10 M GABA was ap p lied  8 and 26 m inutes l a t e r  i t  
caused sm all d e p o la r is a t io n s . H igher c o n c e n tra tio n s  o f  GABA induced 
la r g e r  d e p o la r is a t io n s  as d id  more p ro tra c te d  soaking in  the Nembutal 
s o lu t io n . I n  th i s  s e r ie s  the  Nembutal did no t o f i t s e l f  cause changes
i n  the p o t e n t i a l  le v e l  b u t i n  Pig* 29 (B) i t  can  be seen th a t  1; 10>000
-2Nembutal caused a sm all h y p e rp o la r is a tio n , In  t h i s  e ^ e r i r a e n t  10 M 
GABA d id  n o t change th e  p o te n t i a l  le v e l  before  the a p p lic a t io n  o f  Nembut­
a l ,  b u t when te s te d  7 and 14 m inutes a f t e r  the o nset o f  p e r fu s io n  w ith  
a n a e s th e tic  i t  caused a s u b s ta n t ia l  d e p o la r is a t io n . Nembutal, a t  con­
c e n tr a t io n s  a s  low a s  1 : 2 5 ,0 0 0  was e f f e c t iv e  in  a l t e r in g  the a c t io n  o f  
GABA# b u t a t  th e se  low er c o n ce n tra tio n s  more prolonged soaking in  the 
a n a e s th e tic  was re q u ire d . The e f f e c t  o f th e  a n a e s th e tic  continued  to  
be m a n ife s t f o r  2 - 3  ho u rs  a f t e r  i t  was removed from the  b a th ,
(b) IrG lutam io  A cid,
The a c id ic  amino a c id , I rg lu ta rn ic  a c id ,  when ap p lie d  in  
adequate c o n c e n tra tio n  to  the  i s o la te d  to ad  s p in a l  cord i n i t i a t e d  a 
marked e x c i t a t io n  which was ev id en t as a d isch a rg e  of sp ik es  a long  the 
v e n t r a l  ro o t .  T his response  was f u r th e r  augmented i f  the d o rs a l  ro o t 
was s tim u la te d  s im u ltan eo u sly , The e x c i ta t io n  was a lso  m easurable by
9 5 .
the magnitude o f th e  negative  p o te n t i a l  recorded  from the  v e n tr a l  ro o ts ,  
a consequence of th e  d e p o la r is a t io n  o f  motoneurones by the  d rug . This 
d e p o la r is a t io n  was probably  due to  d i r e c t  e x c i ta t io n  o f in te rn e u ro n e s  a s  
w e ll as o f  m otoneurones,
P ig , 30 (A) and (B) recorded  on moving f i lm , i s  the p o te n t ia l
from the v e n tr a l  ro o t of th e  second and th i r d  s p in a l  segments and
—4 —5.
i l l u s t r a t e s  the a c tio n s  of 5X10 M and 5XlQ M L-glutam ic ac id  re ­
s p e c tiv e ly , The p o te n t ia l s  o f A (1) were recorded  by means o f  a DC 
a m p lif ie r  and th o se  o f  A ( i i )  by means o f a s h o r t  time c o n sta n t am p lif-  
i e r ,  L -glutaraic a c id  (5 x 1 0  M) was p e rfu sed  th rough  the b a th  ( f i r s t  
arrow ) and a f t e r  a 3 second delay a negative  p o te n t i a l  (a) ( i )  develop­
ed ra p id ly  and th en  remained s teady  u n t i l  the t e s t  so lu tio n  was washed 
o u t, (second a rro w ). The p o te n t ia l  le v e l  th en  re v e rte d  to  normal i n  
1 0 - 1 2  seconds. P ig , 30 A ( i i )  3hows th a t  very  few spike responses
were conducted down the ro o t and th u s  th e re  was very l i t t l e  m otoneuronal
—3d isch a rg e . When 5X 10 d  L -g lu tam ic a c id  was p e rfu sed  th rough the 
b a th  th e  p o te n t ia l  changes were more v a r ie d . A fte r  a 2 ,7  second delay 
a ra p id  d e p o la r is a t io n  occurred  (B) ( i )  which then remained steady  f o r  
16 seconds w h ils t the m otoneuronal d isch a rg es  (B) ( i i )  in c reased  s tea d ­
i l y  in  m agnitude, 23 seconds a f t e r  th e  o n se t o f a p p lic a t io n  o f 
L-gkutam ic ac id  the d ischarge  o f  motoneurones ceased  a b ru p tly ; the 
c e s s a tio n  being  accompanied by a sudden in c re a se  in  th e  magnitude o f 
the  n eg a tiv e  p o te n t ia l  s h i f t  (B) ( i )  which then  remained steady a t  i t s  
new le v e l .  A fte r  washing (second arrow) the p re p a ra t io n  took 40 sec­
onds to  re tu rn  to  norm al, T h is  l a t t e r  type of response could be ob­
ta in e d  from a l l  p re p a ra t io n s  b u t the c r i t i c a l  co n ce n tra tio n s  o f 
g lu tam ic  a c id  v a rie d  from p re p a ra t io n  to  p re p a ra t io n .
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The potential changes evoked by a series of concentrations of 
L-glutamic acid are shown in Pig* 31 wherft the magnitude of the potent­
ial change measured in the ventral root (ordinate) is plotted against 
the logarithim of the concentration (abscissa). The dose effect re­
lationship can be represented by a straight line over the range of 
-5 —3doses of 5X10 M to 5>C 10 M. Similar relationships were obtained 
when lumbar preparations were used*
When the dorsal root was repetitively stimulated whilst gluta­
mate was being applied similar depolarisations were recorded* The re­
sponses of Pig* 32 were recorded from a lumbar preparation using a DC 
amplifier to drive a paper recorder. The reflex responses were evoked 
by dorsal root stimulation and represent slow negative potentials in 
the ventral root (the frequency response of the recorder being inadequate 
for the recording of spike responses). At the first arrow in (A)
_42XlQ M L-glutamic acid was perfused through the bath and a ana 11 de­
polarisation was evoked* After washing at 1 minute (second arrow)
-4the preparation returned to normal* When 3xlc M L-glutamic acid 
was perfused through the bath (B) a much greater depolarisation ensued, 
and it can be seen that the reflex responses although still achieving
the same maximum level of depolarisation, were apparently greatly re-
-4duced in magnitude, 5X10 V L-glutamic acid induced such a large
depolarisation that the reflex responses almost entirely disappeared
—3and again recovery was rapid after washing* The action of 5X10 M 
GABA on the same preparation is shown in (D).
In view of the apparent decrease or abolition of the reflex
responses by L-glutamic acid, it was not surprising to find that
—45X10 M L-glutamic acid, when tested on the integrated ventral root
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reflex response* caused a substantial reduction in the magnitude of 
the response* However the difference between the modes of reduction 
of' the integrated response by excitants and depressants is clearly 
illustrated by a comparison of Pig* 32 (A-C) and (D).
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(c ) D iscu ssio n .
The action s o f GABA, and glutamic acid on the iso la te d  toad 
sp in a l cord co rre la te  s a t is fa c to r i ly  with those on other preparations. 
I t  has been confirmed that neith er  compound has ary a ctio n  on dorsal 
and v en tra l root f ib r e s  and th e ir  e f f e c t s  can be f u l ly  explained by an 
a ctio n  on neuronal soma membrane as described in  S ection  A»
The fin d in g  that GABA frequently caused a p o s it iv e  p o te n t ia l  
s h i f t  in the motoneuronal somas led  to an in te r e s t in g  extension  o f the 
in v e stig a tio n  in to  the mode o f a c tio n  of th is  compound. This p o s it ­
ive p o te n tia l s h i f t ,  representing  a hyperpolarisation  o f  the moto­
neuronal soma i s  u n lik e ly  to have been due to the blockage o f  back­
ground interneuronal discharges fo r  i t  was apparent only in a lim ited  
proportion of the preparations te s ted  and could be decreased by 
su ccessive  ap p lica tion s o f GABA, whereas the amount of spontaneous 
a c t iv ity  in  the preparation increased with tim e. Moreover Nembutal 
which would a lso  have depressed interneuronal a c t iv ity  E ccles (1946) 
did not always cause a £>ositive p o te n tia l change in preparations which 
were typ erp olarised  by GABA* The hyperpolarisation  could be read ily  
explained i f  GABA w&s in creasin g  the membrane perm eability to  some ion 
or ion s amongst others having an equilibrium  p o te n tia l above the r e s t ­
ing membrane p o te n t ia l. A ltern a tiv e ly  i f  the equilibrium  p o te n tia l  
for  the ion was nearer the restin g  p o te n t ia l, but changes in  the extra­
c e l lu la r  f lu id  content o f the ion had n ecessita ted  changes in  the 
in tr a c e llu la r  concentrations to  m aintain the restin g  p o te n t ia l. The 
r e s u lt s  obtained vfoen the extern al potassium concentration was lowered 
in d ica te  that GABA is  in creasin g  the perm eability  to th is  io n , the
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plasma co n ten t o f  which i s  known to  show a seaso n a l v a r ia t io n  (Machne 
e t  a l  1959)• These in v e s t ig a to r s  have a lso  shown th a t the a f t e r -  
h y p e rp o la r is a tio n  of amphibian motoneurones i s  probab ly  due to  a de­
layed  r i s e  in  po tassium  p e rm e a b il i ty , in  a s im ila r  fash ion  to  th a t  
seen in  mammalian motoneurones (Coombs e t  a l  1955), Uenc© ths 
eq u ilib riu m  p o te n t ia l  f o r  potassium  must be above th e  r e s t in g  p o te n t­
i a l  though i t  may n o t be as  f a r  removed from i t  as in  the c a t ,
Sdwards and K u ff le r  (1958) have p re se n te d  evidence th a t  H-A^A 
a c ts  on th e  c ra y f is h  s t r e t c h  re c e p to r  by in c re a s in g  the membrane 
p e rm e ab ility  to  K an d /o r c h lo r id e , though in  th i s  case  the eq u ilib riu m  
p o te n t i a l  f o r  potassium  i s  very  c lo se  to  ttie r e s t in g  p o te n t i a l ,  in  
the p re s e n t  in v e s t ig a t io n  th e re  i s  some evidence th a t  GABA i s  in c re a s ­
in g  th e  membrane p e rm e a b ility  to  po tassium  and i t  is  l ik e ly  th a t  
c h lo r id e  ion i s  a lso  invo lved  a s  in  th e  c a t .  In  most p re p a ra t io n s  
the ty p e rp o la r is a t io n  i s  p robably  too sm all to  be recorded from the 
v e n tr a l  r o o ts ,  b u t when p re p a ra t io n s  from toads w ith  h igher plasm a 
po tassium  c o n c e n tra tio n s  than a re  p re se n t in  the p e rfu s in g  f l u i d ,  a re  
te s te d  w ith  GABA, the p o te n t ia l  changes evoked by the movement of 
po tassium  from the  c e l l  a re  s u f f ic ie n t ly  la rg e  to  be recorded from the 
v e n tr a l  ro o t ,  W ith re p e a te d  a p p lic a tio n s  o f GABA, the in te r n a l  
po tassium  c o n c e n tra tio n  was reduced  u n t i l  the  r e q u is i t e  c o n ce n tra tio n  
fo r  m aintenance of th e  r e s t in g  p o te n t ia l  was reached.
The a c tio n  o f nembutal in  p re v e n tin g  GABA induced ty p e r p o la r i s -  
a t io n s ,  may e x p la in  why GABA ap p lie d  io n to p h o re t ic a l ly  ttn to  m otoneurones 
in  th e  o a t from a c o -a x ia l  e le c tro d e  d id  n o t ty p e rp o la r is e  the membrane* 
I t  may be s ig n if ic a n t  th a t  d e p o la r is a t io n s  were reco rded  in t r a c e l lu l a r ly  
when la rg e  c u r re n ts  were used to  apply GABA and ^ -a la n in e  onto the  ex -
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te r n a l  su rface  o f m otoneurones, (S ec tion  A). I t  must be em phasised, 
however, th a t  whereas G-ABA did  not ty p e rp o la r is e  motoneurones in  the  
o a t ,  the  in h ib i to r y  t r a n s m it te r  was ab le  to  g en era te  ty p e rp o la r is in g  
in h ib i to r y  p o s t-sy n a p tic  p o te n t ia l s .  Thus th e re  i s  a c le a r  d i s t i n t -  
t io n  between th e  a c tio n s  o f GABA and the  in h ib i to r y  t r a n s m it te r .
P rev ious in v e s t ig a t io n s  of the a c tio n  o f  GABA on amphibian 
s p in a l  cords (G rundfest and S igg 1958; Fukuya 1958, as  c i te d  by Inouye, 
Fukuya, Tsuchiya and T su jioka  I960) have been c a r r ie d  ou t on in  s i t u  
p re p a ra t io n s . In  b o th  case s  to p ic a l ly  ap p lied  GABA caused depression  
of th e  r e f le x  resp o n ses.
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(4) The A ction  o f a S e rie s  of n e u tra l  and a c id ic  amino a c id s
on the  v e n tr a l  ro o t responses o f the i s o la te d  toad  s p in a l  c o rd ,
The a c tiö n s  o f  a s e r ie s  o f amino a c id s  upon mammalian neurones 
have a lre ad y  been c la s s i f i e d  by Purpura e t  a l  (1959) and C u rtis  and 
Watkins (I960)* However, an a cc u ra te  e s tim a te  o f t h e i r  r e l a t iv e  
p o te n c ie s  under c o n d itio n s  o f  known c o n c e n tra tio n  at a homogeneous 
group of re c e p to rs  has no t been made and t h i s  was one o f th e  p r in c ip a l  
aims o f  the p re sen t in v e s t ig a t io n .  I t  must be p o in te d  o u t th a t  the 
r e l a t iv e  p o te n c ie s  of a group o f r e la te d  su b stan ces  may n o t be th s  
same in  th e  toad as  i n  the c a t ,  n o r i s  i t  perm issab le  to  assume th a t  
a l l  the c e l l s  o f  th e  c e n tr a l  nervous system  o f  one anim al are  a f fe c te d  
in  s im ila r  fa sh io n  by the same a g en t, A c tiv i ty  has been defined  as a 
s e r ie s  o f  r e l a t i v e  p o te n c ie s . Compounds which depressed the e x c ita b il­
i t y  o f the i s o la te d  toad s p in a l  cord  were compared w ith  GABA, w h ils t  
those  th a t  in c reased  e x c i t a b i l i ty  were compared w ith L -glutam ic a c id , 
Jäach compound was te s te d  on a minimum o f fo u r  p re p a ra t io n s , in c lu d in g  
bo th  c e r v ic a l  and lumbar reg io n s  o f  the co rd , upon which they d isp la y ­
ed th e  same a c t io n  and degree o f  a c t i v i t y .
The d e p re ssan t compounds were te s te d  on the in te g ra te d  v e n tr a l
ro o t response ; the  substance  in  v a ried  c o n ce n tra tio n s  and GABA in
—5fix e d  c o n c e n tra tio n s  (10 M) b e in g  ap p lied  a l t e r n a te ly  u n t i l  the con­
c e n tr a t io n  o f  th e  substance which produced the  same percen tage  red u c -
—3t io n  o f  the in te g ra te d  response a s  10 M GABA had been determ ined, The 
a p p lic a tio n s  were made a t  15 m inute in te r v a ls  and were o f  1 minute
d u ra tio n . The maximum c o n ce n tra tio n  a t  which su bstances were te s te d
-2was 5X10 M; compounds which were w ithou t e f f e c t  a t  th is  co n cen tra ­
tio n  were co n sid ered  to  be in a c t iv e /
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E x c ita n t compounds were compared in  potency w ith  5X10 M 
L -glu tam ic a c ia ,  The measure o f  a c t i v i t y  in  th i s  case was the mag­
n itu d e  o f th e  negative  p o te n t i a l  change th a t  cou ld  be recorded  from 
the  v e n tr a l  ro o t u s in g  a DC a m p lif ie r ,  A lte rn a te  a p p lic a tio n s  of 
the  compound and L-glutam ic a c id  were made a t  15 minute i n te r v a l s ,
u n t i l  th e  c o n ce n tra tio n  o f  th e  su b stan ce  which induced the same mag-
-4-n itu d e  o f  p o te n t ia l  change as  5X2Q M L-glu tam ic a c id  had been de­
term ined , A p p lic a tio n s  were o f 45 seconds d u ra tio n . With the im­
p o s i t io n  o f a l im ite d  d u ra tio n  o f  a p p l ic a t io n ,  the potency e s tim a te s  
became a fu n c tio n  o f b o th  the ra te  o f  o n se t of a c t io n  an3 magnitude 
o f  a c tio n  o f th e  compounds b e in g  te s t e d .  As re p o rte d  p re v io u s ly
L -glu tam ic a c id  ach ieves th e  maximum e f f e c t  f a i r l y  r a p id ly ,  i , e ,  a l -
—4most in v a r ia b ly  w ith in  45 seconds a t  c o n c e n tra tio n s  o f 5X10 M; 
o th e r  compounds however fre q u e n tly  co n tin u e  to cause an in c re a s in g  
degree p f  e x c i ta t io n  fo r  se v e ra l m in u te s , a lth o u g h  th e  r a te  o f  on set 
o f e x c i t a t io n  may be slow . Such compounds th e re fo re  are  fre q u e n tly  
c l a s s i f i e d  a s  having a low po tency .
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(a) g^BASerias,
(i) Depressants. Tables III and V.
Three groups of depressant compounds were tested and their potencies 
relative to GABA are given in Tables III and V. The three active groups 
tested were amino carboxylic acids, amino sulphonic acids and guanidino 
carboxylic aoids(Table III, A,C, and D). Within each group a similar 
thnmgh not identical pattern of activity with respect to chain length 
was observed* Thus amongst the unsubstituted co-amino carboxylic acids, 
peak depressant activity was associated with a chain length of two carbon 
atoms between the amino group and carboxylic acid group, ( ß-alanine,
Table III (2)) but peak activity amongst the Co-amino sulphonic acids 
corresponded to a three carbon atom separation of the functional groups 
( K-aminopropane sulphonic acid, Table III:(l7) )• With the U)-guanidino 
adds, a separation of only one carbon atom between the guanidino group 
and carboxylic acid group (gly cocyamine, Table III:(20) ) was necessary 
for maximum activity, but in this case it is noteworthy that actually 
three atoms ( -ON-O* ) again separate the acidic group from the terminal 
amino group. It was particularly noticeable that among the Oamino 
sulphonic acids, a two to three carbon atom separation was essential 
for high activity, such activity falling off as the chain length was 
decreased from the optimum of three carbon atoms, and being transformed 
into a weakly excitant action with an increased chain length* This 
transformation into excitatoxy action also occurred, though less abrupt­
ly, in the CO—amino and W  —guanidino carboxylic acid series and is 
discussed in the next sub-section*
K-Alkylation (Table 111: B ) caused & graded reduction of 
depressant activity* Thus N-methyl- ^  -aminobutyric acid (Table III: (12) )
104
a c id  and ftft-d im etty j.- ^  -am inobu ty ric  a c id  (Table I I I ;  (12) ) we re  te n  
and fo r ty  tim es le s s  a c t iv e  than th e  p a re n t compound, w hile -b u ty ro -  
b e ta in e  (Table TIT; (14) ) was in ac tiv e*  S im ila r ly  N -a lk y la tio n  o f  
p -a la n in e  (compounds ( 9 ) ,  (1 0 ) , (11) in  Table H i )  r e s u lte d  i n  a graded 
lo s s  o f  a c t iv i ty *  N -M ethylation of ta u rin e  (ft-m ethy ltau rine  (Table n i :  
(19) ) ab o lish ed  th e  d e p re ssan t a c t iv i ty *
Amongst the s e r ie s  o f  compounds having m iscellaneous s t r u c tu r a l  
r e la t io n s h ip s  to  GABA (Table I I I ;  g ) a re  s e v e ra l oC -amino a c id s  which 
were te s te d  p r im a ri ly  in  view o f  th e  s tro n g  d e p re ssan t a c tio n  o f g ly c in e . 
Of th e s e , cC -a la n in e  (Table I I I ;  (25) and (26) was the only one which 
showed d e p re ssan t a c t iv i ty *  The D and L forms o f t h i s  compound did n o t
d i f f e r  g re a t ly  in  a c t iv i ty *  Some o f  th e  -amino ac id s  were found to
have weak e x c i ta to iy  a c t i v i ty  and these are  d iscu ssed  in  the n e x t sub­
sec tion*  The o th e r sub stan ces  were a l l  in a c t iv e  except c re a t in in e  
which a ls o  had a weak e x c ita to ry  a c t io n .
( i i )  g x o ita n ts
S ev era l su b stan ces  te s t e d  in  the GABA s e r ie s  were found to  have
weak e x c ita to ry  a c t io n s .  These were c h a r a c te r i s t i c a l ly  slow in  onset
and th u s  could  n o t be accu ra te ly  compared w ith  th a t o f  L -g lu tam ic a c id .
In  a l l  cases ex cep t, th a t  o f  D -serin e  however, a c o n c e n tra tio n  o f  a t
—3l e a s t  as h igh  as 5X10 was necessary  to  e l i c i t  a s ig n i f ic a n t  negative 
p o t e n t i a l  in  the v e n tra l  ro o t,
Amongst the weakly e x c i ta n t  sub stan ces  o f  th is  s e r ie s  were 
U>-amino and (*3-guanidino carb o x y lic  ac id s  o f  ch a in  leng th  g r e a te r  th an  
th a t  a t  which d e p re ssa n t a c t iv i ty  reached a minimum du rin g  the  a sc e n t 
of a homologous se r ie s*  (Table I I I ;  A and D ), The same e f f e c t  was 
e v id e n t in  th e  U >-am ino-sulphonic a c id  s e r ie s  (Table I I I ;  C) b u t in  t h i s
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case the d is tan ce  between the  te rm in a l amino group and the a c id ic  
group a t  which e x c ita to ry  a c tio n  was f i r s t  dem onstrated  was le s s  than  
in  th e  o th e r  two groups o f  »ubstan ces, 8  -Aminobutane sulphonic 
ac id  (Table H I :  (18) ) and -am inononanoic (Table III (8) ) were the 
most a c tiv e  compounds i n  t h i s  g roup , be ing  abou t 20 tim es weaker than  
L -glu tam ic acid*
A ty p ic a l  example o f the negative  p o te n t ia l  change evoked by
-am inononanoic ac id  and recorded  from the  v e n tr a l  ro o t i s  i l lu s t r a te d
-2in  Pig« 33. Ten seconds a f t e r  the  commencement of p e rfu s io n  w ith  10 M.
00-aminononanoic a c id  a negative  p o te n t ia l  change commenced to  develop 
and had reached a m agnitude o f 2mV when the  ba th  was washed ou t 14 
m inutes l a t e r .  Recovery took 4 m inu tes. This was q u ite  u n lik e  the 
ty p ic a l  response to  s try c h n in e , the  a c t io n  of which on c e re b ra l  neur­
ones has been claim ed to  be s im ila r  to  those o f  long  chain  a>-amino and
C>>-guanidino ac id s  (purpura e t  a l  1959). A fte r  the commencement o f
—3p e rfu s io n  w ith 10 M s try c h n in e , a sm all p o s i t iv e  p o t e n t i a l  charge 
fre q u e n tly  developed and then  s e v e ra l  m inutes l a t e r  s h o r t  r e p e t i t iv e  
b u rs ts  o f d e p o la r is a t io n  appeared. If the  cord was s tim u la te d  a t  th is  
s ta g e , r e f le x  responses were g re a t ly  enhanced b u t a t  no s tag e  was a 
m ain ta ined  negative  p o te n t ia l  change evident*  Recovery a f t e r  the 
c e s s a tio n  o f s try ch n in e  p e rfu s io n  took two to  th re e  hou rs .
S e v e ra l -amino a c id s  w ith  long s id e  ch a in s  a lso  p o ssessed  
weakly e x c i ta to r y  a c t i v i ty  (Table IV: E ) . The a c tio n s  in  a l l  of th ese  
cases  was very weak (be ing  about 50 tim es weaker than  th a t o f  L-glutam ic 
a c id ) .  C rea tin in e  (Table I I I :  38) and in  p a r t i c u l a r  D -serine  (Table 
I I I :  27) had s tro n g e r  a c t io n s .  The a c tio n  o f the l a t t e r  was only 4 
tim es weaker than  th a t  of L -g lu tam ic ac id  and was no teab ly  much s tro n g -
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e r  than  th a t  o f  the  L-enantiom orph. T his i s  in  accord  w ith  the 
s tro n g e r  e x c ita to ry  a c tio n s  o f the  D compared w ith  th e  L forms o f  the 
a c id ic  amino a c id s  d iscu ssed  in  the next sec tion*
(b) Glutamic ac id  s e r ie s »  Tables IV and VI,
The s t ru c tu re  a c t i v i t y  re la t io n s h ip s  o f th e  a c id ic  amino 
ac id s  show a very  c lo se  c o r r e la t io n  w ith  those  of the d ep ressan t 
n e u tra l  amino acids» For e x c i ta n t  a c tio n , th e  optim al se p a ra tio n  o f  
the t>( -amino and Gj -ca rb o x y l groups was ag a in  two to  th ree  carbon 
atom s, (Table IV; A)* As was th e  case w ith  D and L- se r in e  i n  the 
GABA s e r ie s ,  th e  £ enantiom orphs o f  e x c ita n t compounds were more a c t ­
ive  than  th e  L-forms (Table IV A and B ), The c o n ce n tra tio n  o f
-4D -glutam ic ac id  which produced an e f f e c t  eq u iv a len t to  5 * 1 0  M 
L-glutam ic ac id  v a rie d  from p re p a ra t io n  to  p re p a ra t io n  w ith in  the 
range 7» 5X10 to  2 x  l0***\l. A le s s e r  degree o f  stereo-dependance 
was e x h ib ite d  by the  D and L forms o f  L -a s p a r tic  a c id ,  the D form being  
s l ig h t ly  more and the  L form s l ig h t ly  le s s  a c t iv e  than L -glutam ic acid* 
Replacement of the p -c a rb o z y lic  a c id  groups of L -a sp a r tic  
a c id  by su lphon ic  or s u lp h in ic  groups (Table IV: C) d id  n o t ap p rec iab ­
ly  a f f e c t  the  a c t i v i ty  w h ils t  replacem ent o f the ^  -c a rb o x y lic  a c id  
group o f DL-glutam ic acid  by a  sjilphonic group y ie ld e d  the h ig h ly  
p o te n t compound, DL-homocysteic a c id . (Table IV: 12)*
Isom ers of g lu tam ic  ac id  (Table IV: D) v a ried  in  p o ten cy ,
DL - 2 -  (aminomethy ^ su cc in ic  ac id  (Table IV: (16) ) being  more a c tiv e  
and jEv-aminoglutaric acid  (Table IV: (14-)) lirss  a c tiv e  than L-glutam ic 
a c id , 2  -am inoethylm alonic acid  (Table IV: (15) ) was in a c t iv e ,
S u b s ti tu e n ts  in  th e  carbon chain  l in k in g  the two carboxy l
107 •
groups reduced a c t i v i ty  (Table IV; £ ) .  T his e f f e c t  was much more 
marked w ith  an -m ethyl than  a p -hydroxyl s u b s t i tu e n t  in  the  g lu tam io  
ac id  m olecule (compare oC -m ethy l-D lrg lu tam ic  a c id  (Table IV; (18) ) 
and p-hydroxyglutam ic a c id  (Table IV; (17) ) .
In  c o n tr a s t  to the n e u tra l  amino a c id s ,  N -m ethylation  (Table 
I I I :  F) o f g lu tam ic  and a s p a r t i c  ac id s  re s u lte d  in  in c reased  a c t i v i t y ,  
N-rAetlyl-DL-glutam ic a c id  (Table IV: 24) was s l ig h t ly  more a c t iv e  than 
the p a re n t compound w h ils t  th e  D enantiom orph o f  N -m ethy l-A spartic  acid  
(Table. IV: 21) was th e  most a c tiv e  compound te s t e d ,  be ing  70 tim es more 
a c tiv e  than  L -glu tam ic acid» F u r th e r  N -a lk y la tio n  p ro g re s s iv e ly  r e ­
duced a c t i v i t y ,
Replacement of the  amino group in  a s p a r t ic  a c id  by the forraami- 
dino group (Table I I I ,  0) r e s u l te d  in  only a v e ry  s l i g h t  lo s s  o f a c tiv ity , 
Involvem ent o f the  CO-carboxyl te rm in a ls  o f a s p a r t ic  and g lu tam ic  a c id s  
in  (>) -am ides lin k ag es  (Table IV: H) was s ig n i f ic a n t ly  d e te r im e n ta l to  
a c t i v i t y ,  only in  the  case o f  the l a t t e r ;  b o th  o p t ic a l  forms o f  asp a ra ­
g ine  are  s tro n g ly  e x c i ta to r y ,  th e  D form again  being  the most a c t iv e ,
On the o th e r  hand th e  oC. -am ides o f a s p a r t i c  and g lu ta m ic  a c id s  
(Table IV: I )  were in a c t iv e ,  Replacement o f  th e  amino group by a 
hydroxyl group (Table IV: J )  a ls o  reduced a c t i v i t y .  D-malic a c id  
(Table IV :(36)) proved to  be only two tim es le s s  a c tiv e  than L -g lu tam ic 
ao id  b u t L-m alio ac id  (Table IV: (37) and T a rto n ic  ac id  were much weak­
e r  (Table IV: (35) ) ,
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(d) D iscu ssio n .
In  the p re se n t in v e s t ig a t io n  the com paritive  a c t i v i t i e s  o f a 
s e r ie s  of amino a c id s  of v a ry in g  deg rees o f  s t r u c t u r a l  s im i la r i ty  have 
been e s tim ated  on the  i s o la te d  toad  s p in a l  co rd . This was done (a ) 
to  determ ine w hether the toad co rd  could  be used as a p re lim in a ry  assay  
p re p a ra tio n  f o r  such sub stan ces  p r io r  to  t e s t in g  them by io n to p h o re tic  
a p p lic a tio n  onto c e l l s  in  the mammalian s p in a l  cord  and (b) to  see i f  
a  complex p re p a ra t io n  such as th i s  co u ld  be used  in  the e lu c id a tio n  o f  
the  s t r u c t iv e - a c t iv i t y  r e la t io n s h ip s  o f  a r e la te d  group of substances*  
The in v e s t ig a t io n s  have dem onstrated  th a t re p ro d u c ib le  r e s u l t s  
can be ob ta ined  w ith  a p a r t i c u l a r  substance  and th a t sm all d fiffb rences 
between the a c t iv i ty  o f d i f f e r e n t  compounds a re  c le a r ly  d is t in g u is h ­
able* There a r e ,  however, s e v e ra l p o s s i b i l i t i e s  th a t  must be borne in  
mind when comparing the a c tio n s  o f su b stan ces  on a p re p a ra t io n  such a s  
t h i s ,  I t  i s  c le a r ly  im possib le  to  d e fin e  the s i t e  o f a c tio n  o f  ar^y 
drug th a t  m odifies th e  beh av io u r of th e  p re p a ra t io n  w ith  t h i s  technique 
and i t  i s  th e re fo re  necessary  to  be c a u tio u s  when concluding  th a t  com­
pounds a re  a c tin g  on th e  same re c e p to r  s i t e s .  Many o f  the  su b stan ces  
te s te d  in  th e  p re se n t in v e s t ig a t io n  a re  known to occur n a tu ra l ly  in  
mammalian c e n tr a l  nervous t i s s u e s  to g e th e r  w ith  the enzyme system s fo r  
t h e i r  sy n th e s is  and d e s tru c t io n . I t  i s  p o s s ib le  th e re fo re  th a t  the  
a d d itio n  o f such a substance to  th e  toad  cord  m ight be fo llow ed  by i t s  
conversion  in to  a n o th e r  r e la te d  substance  and th a t  the a c t iv i ty  demon­
s t r a te d  was a c tu a lly  due to  t h i s  p ro d u c t. Thus asparag ine  and g lu ta ­
mine could  be hydro lysed  in to  a s p a r t ic  and g lu tam ic  a c id s  r e s p e c tiv e ly , 
and s im ila r ly  g ly c in e  and p -a la n in e  could  be formed from glycocyamine
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and p-guanid ino ' propion ic a c id , A lte rn a te ly  the a d d itio n  o f  such sub­
s tan c e s  may cause a change in  the  c o n c e n tra tio n  o f o ther pharm acolog ica l­
ly  a c tiv e  amino a c id s  in  the  nervous system* For in s ta n c e  th e  un­
n a tu ra l  D. amino a c id , D -glutam ic a c id  i n h ib i t s  th e  enzyme which con­
v e r ts  L -g lu tam ic a c id  in to  g lu tam ine (Krebs 1935). I f  the  a d d itio n  
o f D -glutam ic a c id  to  the p re p a ra t io n  re s u l te d  in  an in c re a se  in  the 
e x t r a c e l lu la r  L -g lu tam ic a c id ,  due to  the c e s sa tio n  of th e  sy n th e s is  o f 
g lu tam in e , an e x c ita to ry  response would be e v id e n t.
The r e s u l t s  re p o r te d  in  S ec tio n  A, in d ic a te  th a t  GABA and 
L -glu tam ic ac id  a c t  on th e  m a jo rity  of nerve c e l l s  in  the mammalian 
s rjin a l cord  and hence i t  can be concluded th a t  they  probably  do l i k e ­
wise in  th e  amphibian s p in a l  co rd . I t  i s  l ik e ly  th a t  GABA and i t s  
c lo se  r e l a t iv e s  a l l  a c t  on th e  same re c e p to r  s i t e s  and th a t L -glutaraic 
ac id  and i t s  congeners a ls o  a c t  a t  the  same re c e p to rs . I t  has been 
suggested  (C u rtis  and yfatkins I960) th a t  th e  g lu tam ic  ac id  re c e p to r  i s  
an e x te n s io n  of the GABA re c e p to r . The r e s u l t s  w ith  these  groups of 
c lo se ly  r e la te d  compounds on th e  toad s p in a l  cord  th e re fo re  are probab­
ly a v a l id  ex p ress io n  of t h e i r  s t ru c t iv e - fu n c t io n  r e la t io n s h ip .  In ­
v e s tig a tio n s  on s in g le  c e l l s  in  the mauinalian s p in a l  cord  have fu rn ish ­
ed evidence th a t  replacem ent o f  a c a rb o x y lic  group in  th e  GABA m olecule 
by a su lphon ic  group o r in  the  a s p a r t ic  ac id  m olecule by a su lphonic  o r  
su lp h in ic  ac id  group doe3 not a p p re c ia b ly  a l t e r  t h e i r  a c t iv i ty  and 
th ese  compounds could  be expected  to  a c t  a t  th e  same re c ep to r s i t e s .
Hence th e  s t r u c t iv e - a c t iv i t y  r e la t io n s h ip s  f o r  such compounds on the  toad 
cord a re  d o u b tle ss  s ig n i f i c a n t .  However, o th e r  compounds, no tab ly  
a sp a ra g in e , glycocyam ine, p -gu an id in o p ro p io n ic  ac id  and m alic  a c id  which 
were very  e f f e c t iv e  when added to  toad  p re p a ra t io n s  where w ithou t action
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on neurones in the cat spinal cord. Possible explanations for 
these differences include; an action on different receptors from 
those of GABA and glutamic acid; their conversion to other active 
amino acids or the inadequacy of the concentrations of substance at­
tained in the cat spinal cord. A comparison of the present results 
and those of Curtis and Watkins (I960) shows that all amino acids which 
were active on mammalian neurones were also active on the toad prepara­
tions though others vhich were active on the toad spinal cord were not 
active on the spinal neurones of cats. Thus the isolated toad spinal 
cord appears to be a satisfactory assay preparation for amino acids 
prior to testing them on the oat spinal cord. However, since little 
is known about the nature of exoitatory transmitters in mammalian and 
amphibian spinal cords the results obtained by the use of the toad cord 
as a preliminaiy assay for these may be misleading, Thu3 the toad cord 
will not necessarily respond with excitation or depression to mammalian 
excitatory or inhibitory transmitters. However, since strychnine 
blocks inhibitory post-synaptic potentials in both oat and toad neurones 
(Curtis 1959; Euno 1957), it can be concluded that the inhibitory trans­
mitter onto motoneurones is similar in both preparations.
The problem that arises from the present investigation is mainly 
one of the significance of the results obtained with asparagine, gluta­
mine, glycocyamine, p-guanidinoproprionic acid, malic acid and serine. 
These compounds were all inactive when applied iontophoretically onto 
interneurones of the mammalian spinal cord. There are, however, several 
valid reasons for the assumption that they may act on the same receptor 
sites of toad neurones as do GABA and glutamic acid. Edwards and Kuffler 
(1959) have shown that the GO-guanidino acids behave in a similar manner 
to certain CO -amino acids on the crustacean stretch receptor and they
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draw a t te n t io n  to  th e  s t r u c tu r a l  s im i l a r i t i e s  o f  corresponding  p a i r s  
o f th ese  compounds* Both compounds have a p o s i t iv e  group a t  one 
end o f  th e  m olecule and a negative  group a t  the  o th e r  and the  d i s ­
tance between these  groups i s  almost the  same. Again, van H arreveld  
(1959) has shown th a t  Ir-glutam ine end L -glu tam ic a c id  are  b o th  a b le  to  
cause a c o n tra c tio n  o f  c ru s ta c e a n  muscle p re p a ra t io n s  and hence i t  i s  
p o ss ib le  th a t  th e se  compounds a lso  a c t  on the same re c e p to r  s i t e .
There i s  a resem blance in  the  charge d i s t r ib u t io n  in  th ese  m olecules 
as w e ll ,  as th ey  have a n eg a tiv e  group a t  e i t h e r  end (the amide group 
being  weakly a c id ic )  and a  p o s i t iv e  group in  between* A sparag ine , 
which i s  ve ry  c lo se ly  r e la te d  in  chem ical s t ru c tu re  to  g lu tam in e , 
p o ssesses  a s im ila r  charge d is tr ib u tio n #
However, a sparag ine  was in a c tiv e  on van H a rre v e ld f s p re ­
p a ra tio n  a t  th e  c o n c e n tra tio n s  te s te d ,  and t h i s  probably  in d ic a te s  a 
d i f f e r e n t  s p a t i a l  arrangem ent o f th e  re c e p to rs  from those in  the toad 
co rd , a conclusion  th a t  i s  borne ou t by the d if fe re n c e s  in  th e  r e la t iv e  
p o te n c ie s  of some o f th e  o th e r  amino acids* M alic a c id , a n e x c i t a to iy  
compound i s  in  e f f e c t  an a s p a r t i c  a c id  m olecule in  which an hydroxyl 
group lias been s u b s t i tu te d  f o r  th e  amino group. The groups a re  
s t e r i c a l l y  s im ila r  b u t u n lik e  the amino group the hydroxyl group does 
n o t ta k e  on a p o s i t iv e  charge a t  p h y s io lo g ic a l pHf s ,  N e v e r th e le s s , 
oxygen and n itro g e n  atoms bo th  po ssess  unshared e le c tro n s  and these  
may perhaps p a r t i c ip a te  s im ila r ly  in  complex form ation  w ith  s t r u c tu r a l  
e lem ents o f th e  membrane, A comparable change in  the GABA m olecule 
( ^  - ly d ro x y b u ty ric  a c id )  r e s u l t s  in  a decrease though n o t com plete 
lo s s  o f  a c t i v i ty  on th e  c ru s tacean  s t r e t c h  re c e p to r  o e l l  (Edwards and
M uffler 1959), and m ight be ex p ec ted  to  have s im ila r  r e s u l t s  on the
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amino d ic a rb o x y lic  a c id  m olecu le .
I f  th ese  compounds were a c t in g  on d i f f e r e n t  re c e p to r  s i t e s  
p re s e n t  on a l im ite d  number o f c e l l s  i t  m ight be expected th a t  the 
potency o f any p a r t i c u l a r  substance r e l a t i v e  to  th a t o f  GA3A o r g lu t -  
amio ac id  would vary from p re p a ra t io n  to  p re p a ra t io n  and between 
c e r v ic a l  and lumbar p re p a ra t io n s . An analogous s i tu a t io n  a r i s e s  w ith  
the cholinom im etic  compounds which are a ls o  ab le to  e x c ite  the toad 
co rd . The potency o f  carbam inocholine r e l a t iv e  to  L -glutam ic ac id  
f lu c tu a te s  co n sid erab ly  from p re p a ra t io n  to  p re p a ra tio n  b u t the p o t­
ency o f  carbam inocholine r e l a t iv e  to  the o th e r  cho line  e s te r s  rem ains 
r e la t iv e ly  c o n s ta n t. As th e  p o te n c ie s  o f th ese  compounds (asparag ine  
e t c , )  r e l a t iv e  to  GABA and L -g lu tam ic a c id  remained co n stan t i t  would 
appear th a t  they a re  a c t in g  on s im ila r  c e l l s .  Since enzymes capable 
o f c a ta ly s in g  the  r e a c t io n s  o f  D amino ac id s  are  no t known to be p re s ­
e n t in  b ra in  i t  i s  d i f f i c u l t  to  ex p la in  th e  a c t i v i ty  o f  D-m alic ac id  
and D -asparag ine  on the b a s is  o f th e i r  conversion  in to  o th e r a c tiv e  
su b stan ces . As the  e s tim a te s  o f  potency depended on the r a te s  o f  
o n se t o f a c tio n  as  w e ll as  th e  m agnitude o f  a c t io n , D -asparagine and 
glycocyamine must a c t  in  approxim ately  the same tim e as g lu tam ic  ac id  
and GABA« As i t  has been concluded th a t th ese  l a t t e r  compounds have 
a d i r e c t  a c t io n  on c e l l s ,  i t  i s  a ls o  p o s s ib le  th a t D -asparagine and 
glycocyamine do lik e w ise .
A ttem pts to  apply  a sp a ra g in e , glycocyam ine and m alic  acid  in ­
to  the immediate v ic in i t y  of in te m e u ro n e s  in  the  is o la te d  toad  cord  
and to  dem onstrate  an e x c i ta to r y  o r  in h ib i to r y  a c tio n  were no t success­
f u l ,  i n  the in s tan ce  o f D -asparag ine and glycocyamine t h i s  was due 
to  th e  te c h n ic a l  d i f f i c u l t i e s  a r is in g  from t h e i r  low s o lu b i l i ty  and the
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un con trollab le e f f e c t s  o f hydrogen ion a p p lica tio n s  from low pH so lu­
tio n s , As d iscussed  in  the Methods o f S ection  A tte  low s o lu b ility  
of a compound and consequent high e lec tro d e  res is ta n ce  r e su lts  in  high  
noise le v e ls  and an in a b il i ty  to  pass large currents. Moreover i t  
was found th at s in g le  neurones in  the toad sp in a l cord were more su s­
cep tib le  to  the e f f e c t  o f hydrogen io n  than those in  the o a t. Thus 
c a tio n ic  currents passed through e lec tro d es  contain ing so lu tio n s  o f  pH 
values le s s  than 4 were ab le to  cause interneuronal e x c ita t io n . At 
pH values above th is  asparagine and glycocyamine are v ir tu a lly  u n ion is­
ed* ( <3$) anä amounts inadequate to produce e f f e c t s  would be passed by 
e lectro -osm osis  from th ese  very d ilu te  s o lu t io n s . Malic acid may not 
have been s u f f ic ie n t ly  active  to  cause demonstrable e f f e c t s  when ap­
p lie d  iontophore<tically.
The r e s u lt s  o f the present in v e s tig a tio n s  are compared w ith  
those o f  other in v e s tig a tio n s  in to  the structure a c t iv ity  re la tio n sh ip  
of th ese compounds on the mammalian c e n tr a l nervous system and cru stac­
ean receptors in  Tables (5) and (6 ) ,
The r e su lts  obtained w ith depressant amino acids are in  good 
agreement w ith  those obtained by the ion top h oretic  technique on s in g le  
c e l l s  in  the mammalian sp in a l cord w ith  the exception  o f  the sh orter  
chain guanidino acids* The d ifferen ce  between the weak a c t iv ity  ex­
h ib ited  by some compounds on the toad sp in a l cord and th e ir  lack o f  
a c t iv ity  in  the cat sp in a l cord may simply be a r e f le c t io n  o f  the low 
lim it  o f  concentration o f the applied substance a tta in a b le  by io n to ­
p h oretic  a p p lica tio n ,
With the exception  o f  ta u rin e , which has been reported to  be 
vdthout action  on mammalian cortex , the presen t r e s u lt s  ’with depressant
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amino a c id s  are in  very c lo se  agreem ent w ith  th o se  o f  Purpura e t  a l  
(1959) and i t  i s  noteworthy th a t th e  au th o rs  a ls o  recorded  a high de­
gree of a c t iv i ty  w ith  the to -guan id ino  acids*  On th e  to ad  th e  peak o f 
a c t i v i ty  in  a  s e r ie s  o f  to -guan id ino  ac id s  of in c re a s in g  chain  len g th  
a p p a ren tly  f a l l s  o f more ra p id ly  than found on the  mammalian c o r te x , f o r  
^ -g u a n id in o -b u ty ric  a c id  i s  a d ep re ssan t on the  l a t t e r ,  b u t i s  in a c t iv e  
on the  form er,
The r e s u l t s  w ith  e x c ita n t compounds a re  g e n e ra lly  in  agreement 
w ith those o f  o th e r  in v e s t ig a t io n s .  The l im i ta t io n s  i n  a v a ila b le  con­
c e n tr a t io n s  w ith io n to p h o re tic  a p p l ic a t io n  may ag a in  e x p la in  some o f the 
d if fe re n c e s  between th e se  r e s u l t s  and those ob ta ined  on the o a t s p in a l  
cord« The two most ev id en t d if fe re n c e s  were th e  a c t i v i ty  o f  D~ and 
L -asparag ine  on the toad c o rd ,th e se  compounds being  in a c tiv e  on neurones 
in  the  c a t  s p in a l cord and the h ig h e r a c t i v i ty  o f  th e  D compared w ith  
the  L enantiom orphs on th e  to ad  co rd , such o p t ic a l  p a i r s  p o sse ss in g  ap­
p ro x im ate ly  eq u a l a c t i v i ty  on the  cat s p in a l  co rd ,
The a c tio n  o f  th e se  compounds on r a b b i t  c o r t i c a l  t i s s u e s  (van 
H arreveld  1959) compares very  favourab ly  w ith  th e  p re s e n t r e s u l t s ,  The 
measure of a c t i v i t y  in  th e se  experim ents was based on th e  minimum con­
c e n tra tio n s  necessary  to  produce sp read in g  d e p re ss io n , L-Asparagine 
was s l ig h t ly  more a c tiv e  th an  L -glutam ic and L -a s p a r t ic  a c id s ,  w h ils t  
D -glutam ic a c id  was th e  most a c t iv e  substance  te s te d ,  L-glutam ine was 
a ls o  weakly a c t iv e .  Purpura e t  a l  (1959) have no t d is tin g u ish ed  be­
tween th e  a c t i v i t y  o f  g lu tam ic  a c id , a s p a r t ic  a c id  and asp arag in e  b u t 
a l l  were a p p a ren tly  a c tiv e  e x c i ta n ts ,  The c a t  c e re b ra l  c o r te x  re ­
sponses were m odified  by lo n g e r ch a in  -amino and to -g uan id ino  com­
pounds, t h i s  a c tio n  being  c l a s s i f i e d  by the  a u th o rs  (Purpura e t  a l
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1959) a s  a blockage o f  in h ib i to r y  synapses* T h e ir in te r p r e ta t io n s  o f  
f i e l d  p o te n t ia l s  have a lre a d y  been d iscu ssed  in  S ec tio n  A* and in  t h i s  
in s ta n c e  they  recorded  a g r e a te r  in c re ase  in  the negative f i e ld  p o te n t­
i a l  in  c e re b ra l  th an  c e r e b e l la r  c o rte x  and concluded th a t  th i s  was due 
to a blockage of the in h ib i to r y  synapses p re se n t in  c e re b ra l  (b u t n o t 
c e re b e lla r )  c o r te x , On a p p lic a t io n  to  th e  i s o la te d  toad s p in a l  cord 
th ese  su b stan ces  behaved in  a com pletely  d i f f e r e n t  manner from s try c h ­
nine j and the p re s e n t r e s u l t s  in d ic a te  th a t  they  d e p o la r ise  c e l l  
membranes d i r e c t ly  and in c re a se  th e  e x c i t a b i l i t y  o f  th e  p re p a ra tio n  in  
a  manner s u p e r f ic ia l ly  analogous to th a t  o f  g lu tam ic  a c id ,
S e v e ra l o f  the  e x c ita n t  compounds te s te d  proved to be c o n s id e r­
ably  more p o te n t  th an  irg lu ta m ic  a c id . The D enantiom orph of N -m etly l- 
a s p a r t ic  ac id  was th e  most a c t iv e  compound te s te d *  being  e q u iv a le n t in  
potency to L -glutam io acid  a t  one s e v e n tie th  o f  i t s  c o n ce n tra tio n , 
DIrHomocysteic a c id  was a ls o  v e ry  a c tiv e *  b e in g  tw en ty -fiv e  tim es more 
p o te n t th an  L -g iu tsm ic  a c id .
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(5) The A ction o f Cholinom im etic drugs on the  V e n tra l Root
responses o f  the is o la te d  to ad  s p in a l  oord, (T ab les VII and V III)
The e x c ita to ry  a c t io n s  o f  a c e ty b h o lin e ,  n ic o tin e  and a n t i ­
c h o lin e s te ra s e s  on the  toad  s p in a l  cord  were o r ig in a l ly  re p o rte d  by 
Lefebre and Minz (1936) and Bonnet and Bremer (1957)« Prom t h e i r  in ­
v e s t ig a t io n ,  Bonnet and Bremer concluded th a t  a c e ty lc h o lin e  was a more 
e f f e c t iv e  e x c i ta n t  in  the  p resence  o f  e s e r in e ,  b u t s t i l l  was not as 
p o te n t  a s  n ic o tin e . F u r th e r  in v e s t ig a t io n s  by L ib e t and Gerard (1938); 
Torda (194cJ iäccles (1947); Bunzl e t  a l  (1954); Malcolm and Wurzel 
(1955), and A ngelucci (1956), have confirm ed th a t  these compounds have 
e x c i ta to r y  e f f e c t s  on th e  amphibian s p in a l  cord» The a c tio n  of n ic o tin e  
has been s tu d ied  more ex ten s iv e ly  by re c o rd in g  in t r a - c e l l u l a r l y  from 
motoneurones w h ils t  p e r fu s in g  an is o la te d  p re p a ra t io n  w ith  a n ic o t in e -  
c o n ta in in g  s o lu t io n  (Takagi and Oomura 1958), D uring the p e rfu s io n , 
m otoneuronal e x c i t a b i l i t y  f i r s t  in c reased  and th en  w ith  h ig h e r  concen­
t r a t i o n s ,  d ecreased , A pparently  th e  s ize  o f e x c i ta to r y  p o s t-s y n a p tic  
p o te n t ia l s  was u n a l te re d ,  a lth o u g h  the la ten cy  o f motoneurone d isch a rg e s  
a f t e r  d o rs a l  ro o t  s tim u la tio n  was d ecreased . U n fo rtu n ate ly  d i r e c t  r e ­
co rd ings o f c e l l  membrane p o te n t ia l s  were not made and the  au th o rs  have 
a ls o  assumed th a t  th e  r e s u l t s  w ere due to  a  d i r e c t  a c t io n  by n ic o tin e  on 
m otoneuronal membrane, an assum ption which canno t be s u b s ta n tia te d ,
In  th e  p re s e n t in v e s t ig a t io n  a s e r ie s  o f  cholinom im etic com­
pounds have been te s te d  on th e  toad s p in a l  oord and e s tim a te s  have been 
made o f t h e i r  r e l a t iv e  p o ten c ies  a s  e x c ita to ry  a g e n ts . The magnitude 
of th e  e x c ita n t  a c tio n  o f  th e se  compounds compares favourably  w ith  ih a t 
o f L—g lu t  amic a c id ,  some of them , such  as carb  ami nocholine and c ro to ry  1-
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c h o lin e , be ing  r a th e r  more p o te n t .  The a c t io n s  o f L -glu tam ic acid
are i l l u s t r a t e d  in  P ig , 34 (A—D) recorded  b e fo re , 5Q seconds a f t e r  the
—3commencement o f  a p p lic a t io n  o f 10 M L -glu tam ic ac id  and 10 and 12Q 
seconds re s p e c tiv e ly  a f t e r  washing i t  from the b a th . I t  can be seen 
th a t du rin g  i t s  a p p lic a tio n  g lu tam ic  ac id  pro longed  the r e f le x  respon­
ses and caused a spontaneous d isch a rg e  o f  sp ik e s , Im m ediately a f t e r  
washing th e re  was a p e rio d  o f decreased  resp o n siv en ess  and th in  a 
com plete reco v ery ,
—3When ap p lied  to  th e  same p re p a ra t io n  10 M carbam inocholine 
c h lo rid e  (ca rb ach o l) caused an even g re a te r  degree o f e x c i ta t io n ,  P ig . 
34 (F) and (G) were recorded 52 and 54 seconds a f t e r  the commence riß n t 
o f  a p p lic a t io n  and i l l u s t r a t e  a s im ila r  occurrence to  th a t  in  P ig , 30, 
The spontaneous a c t i v i ty  had in c reased  to  a peak and then  a b ru p tly  and 
alm ost com pletely  subsided  (G ), the coral be ing  no lo nger capab le  of 
responding  to  an a f fe re n t  d o rs a l  ro o t  v o lle y . Recovery a f t e r  w ashing 
(E) took 5-1 m inu tes, A s im i la r  response could  be evoked in  t h i s  p r e ­
p a ra t io n  by L -glu tam ic a c id  i f  i t s  c o n c e n tra tio n  was in c re ase d  to  
—3 —3
3 *  10 M. 10 M a c e ty lc h o lin e  bromide oaused very  l i t t l e  change in  
the v e n t r a l  ro o t  r e f le x  re sp o n se , I n  responses ( j )  and (K) recorded  
18 seconds and 2 m inutes a f t e r  the a p p l ic a t io n  o f the d ru g , the slow 
negative  p o te n t i a l s  only were s l ig h t ly  decreased  and recovery  (L) 
occurred  ra p id ly  a f t e r  w ashing,
’When d i r e c t  reco rd in g s  o f  th e  p o te n t ia l  changes induced in  the 
p re p a ra t io n  by th e  drug were made from the v e n t r a l  r o o ts ,  a f u r th e r  
e s tim ate  o f e x c i ta to ry  a c t i v i t y  could  be o b ta in ed . T his was done in
the  absence o f d o rsa l ro o t s t im u la tio n .
When te s te d  in  t h i s  manner, carbam inocholine was a b le  to  cause
r
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m easurable p o te n t ia l  changes a t  c o n ce n tra tio n s  as low a s  1 -  2 x  IQ M.
The a c t io n s  of a s e r ie s  of c o n c e n tra tio n s  o f carbam inocholine a re
i l l u s t r a t e d  in  P ig . 3 5. On th is  p re p a ra t io n , a sm all p o te n t ia l  change
—6(A) was observed when 2 x 1 0  M carbam inocholine was p e rfu sed  th rough •
th e  b a th , and p ro g re s s iv e ly  la rg e r  p o te n t ia l  changes were caused by
—6 —5 —45 x 10 M (B) , 5 x 10 M ( c) ,  5i<lQ M (D) carbam inocholine, On th e
—3same p re p a ra t io n  iO M a c e ty lc h o lin e  bromide caused a s n a i l  p o te n t i a l
- 5change (3)* 2 x lQ  M p rostigm ine  bromide was th en  p e rfu sed  through
—3the b a th  f o r  15 m inutes and Io M a c e ty lc h o lin e  te s te d  a g a in  (P ). There 
was very l i t t l e  change in  the  magnitude o f the  a c e ty lc h o lin e  evoked 
d e p o la r isa  tio n ,
P ro s tig n in e  and e s e r in e  were a ls o  te s te d  in d iv id u a lly 7 on the  
p re p a ra t io n . H serine has been re p o rte d  (Hawkins and Mendel 1946) to  
be 100 tim es le s s  e f f e c t iv e  on fro g  tr^ie c h o lin e s te ra se  than  on mammal­
ia n  tru e  c h o lin e s te ra s e ;  however, a s  i t  was comparable in  i t s  a c t io n  
w ith  p ro s t ig n in e ,  i t  i s  p o s s ib le  th a t  the  l a t t e r  i s  a lso  le s s  e f f e c t iv e  
on fro g  tru e  c h o lin e s te ra s e . In  th e  absence of d o rs a l  ro o t s t im u la tio n ,
th e se  compounds had no observable  e f f e c t s  a t  c o n ce n tra tio n s  as h ig h  as
—3lG M* However, i f  the  d o rs a l  ro o t was s tim u la te d  sim ultaneously  fo r  
s e v e ra l  m inutes bo th  e se r in e  and prostigm ine  caused a p ro lo n g a tio n  o f  
the v e n t r a l  ro o t r e f le x  d isch arg e  and a sm all negative  p o te n t i a l  change 
in  th e  v e n t r a l  ro o t ,
S e v e ra l o th e r  cholinom im etic  compounds were a l s o  more a c t iv e  
than a c e ty lc h o lin e  in  cau sin g  m otoneuronal dep ^o la risa tio n , A l i s t  o f  
the  compounds te s te d  i s  given in  Table VII to g e th e r  w ith  th e i r  a c tio n s  
(magnitude ©t d e p o la r is a t io n )  exp ressed  a s  a  p e rcen tag e  o f  t h a t  o f  
c a rb ach o l. A s e r ie s  o f  com parisons from a ty p ic a l  experim ent i s
—6
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illu strated  in  Pig, 3b (A, 3 , C) and (d) being the depolarisations
-4produced by 2.5X10 M carbaminocholine; urocanylcholine, acetyl-B- 
methylcholine and propionylcholine, Nicotine had a longer duration 
of action than tie  other substances* After washing nicotine from the 
bath, motoneurones apparently remained in a depolarised state for 
periods of 20 -  3q minutes and during th is time further applications 
of nicotine were without e ffe c t .
In view of the e ffe c t  of drugs which block peripheral cholin­
ergic synapses on potentials in  the dorsal root of the toad spinal 
cord (See Pg: \7.6of th is  investigation) i t  was considered to be of in­
terest to test these substances on the action of carbaminocholine,
-5.The potentials produced by a standard concentration o f 5x10 M carba­
minocholine was used as the control response in each case, these 
p otentia l changes being of fa ir ly  uniform magnitude throughout the
series. The blocking agents, dihyd ro-B-erythroidine (thf) hexarneth-
* -5onium (Cg) and atropine were a lso  used at concentrations of 5x10 M,
and the e ffe c ts  of these drugs on the carbaminocholine depolarisations 
are illu stra ted  in Pig, 37 .(A, B) and (c) are the carbaminocholine 
induced depolarisations before DEE; after perfusing the preparation 
with DEE for 14 minutes; and 25 minutes a fter  the DEE had been washed 
out, (D) (E) and (p) and (G-) (H) and ( i)  are two similar series of 
resu lts showing the e ffects of Cg $nd atropine on carbaminocholine de­
polarisations, (E) and (H) again being recorded 14 minutes a fter  the 
onset of application. Recovery was rapid a fter  Cg, taking only 10 -  
12 minutes (F) but when ( i)  was recorded one hour after atropine had 
been washed out the response to carbaminocholine had s t i l l  not recover­
ed fully-. I t  can be seen that atropine was more effective  than Cg and
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DHS in  p re v e n tin g  the carbam inocholine depo l a r i  s a t  io n s . The same
o rd e r o f potency was observed w ith  a l l  th e  o th e r  p re p a ra tio n s  tested*  
iahen te s te d  on th e  v e n t r a l  ro o t r e f le x  responses DHE and 
a tro p in e  were w ithou t d ep ressan t e f f e c t s  a t  c o n ce n tra tio n s  as h ig h  as 
1q~^M, which su g g ests  t h a t  t h e i r  a c t io n  in  p re v e n tin g  carbam inocholine 
e x c i ta t io n  was a s p e c i f ic  e f f e c t  a t  the re c ep to r s i t e s  on which the 
carbarfdnocholine was a c t in g ,  and th a t  such c h o lin e rg ic  tran sm iss io n  was 
not invo lved  in  the v e n tr a l  ro o t  response to  d o rs a l  ro o t  s tim u la tion*  
A tropine had an e x c ita to ry  a c tio n  on the p re p a ra t io n  causing  the d i s ­
charge o f  b u rs ts  o f spontaneous a c tiv ity *  Bonnet a tA  Bremer (1952) 
have a lso  d e sc rib ed  an e x c i ta to r y  a c tio n  o f  a tro p in e  on the v e n tra l  
ro o t re fle x e s*
Hexamethonium by i t s e l f  caused an e x c i ta t io n  o f  the p re p a ra ­
t io n ,  as in d ic a te d  by spontaneous v e n t r a l  ro o t a c t i v i ty  a t  c o n cen tra -
-5
t io n s  as low a s  5X10 ' M» Pen tarnet ho nium and decainethonium, which in
h igh  c o n c e n tra tio n s  an tagon ised  th e  a c tio n  o f  carbam inocholine a lso  
in c reased  th e  spontaneous v e n t r a l  ro o t a c t i v i t y ,
H ccles (1946) has rep o rted  t h a t  d -tu b o c u ra rin e  (d-TC) in  very 
low c o n c e n tra tio n s  (6 x 1 0  M) in c re a se s  the  d u ra tio n  o f sy n ap tic  
p o te n t ia l s  s e t  in  the  v e n tr a l  ro o t o f the  f ro g  by a d o rsa l ro o t v o lle y . 
This was confirm ed in  the p re s e n t s e r i e s ,  an in c reased  e x c i t a b i l i t y
« 7
of th e  p re p a ra t io n s  being  e v id en t when lQ M d-TC was p e rfu sed  through
-6the b a th . C oncen tra tions above 10 H were g e n e ra lly  s u f f ic ie n t  to  
produce a su s ta in e d  m otoneuronal d e p o la r is a t io n .  The e x c i ta n t  
a c tio n  o f cu ra re  was not a ffe c te d  by equim olar c o n ce n tra tio n s  o f  a t r o ­
p in e .
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' ' Phaimaoological Investigation» on Dorsal Root Responses. Tab la VIII.
\ <
Tha potential ahangea occurring in dorsal roots during activity 
of the mammalian spinal cord were first observed by Gotch and Horsley 
(1891)• More recently, the investigations of Barron and Matthews (1958) 
commenced a series of attempts at an analysis and interpretation of such 
potential changes in amphibia. They described a single negative potent­
ial of long duration which could be provoked by afferent stimulation in 
the dorsal root. Further investigations on the Amphibian spinal cord by 
Bonnet and Bremer (1958, 1952); Dun and Feng (1944); Socles and Malcolm 
(1946); Gopfert (1956), have confirmed the observations of Barron and 
Matthews. Lloyd and MacIntyre (1949) on closer examination of tha 
dorsal root responses of frogs were able to distinguish a series of suc­
cessive potential changes culminating in the prolonged negative potential 
described by Barron and Matthews. They designated these deflections 
D.B. I - V in order of temporal sequence and of these it is with DSP V 
that the present investigation if concerned.
The dorsal root potentials set up by an antidromic volley in an 
adjacent ventral root have been described by Barron and Matthews (1958), 
Socles and Malcolm (1946), Lloyd and MacIntyre (1949). The latter 
authors demonstrated that this potential corresponded in general outline 
to the D.R. V set up by stimulation of an adjacent dorsal root, being of 
lesser magnitude and having a longer latency. In contrast to the 
potential set up by dorsal root stimulation however D.R. I-IV were ab­
sent.
Intracellular recordings from dorsal root fibres allowed or a 
more detailed stuty of D.R. V. By comparing the potentials immediately
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o u ts id e  & d o rs a l  ro o t f ib r e  w ith  th o se  reco rd ed  in  an i n t r a c e l l u l a r  
p o sition^K oketsu  (1956) was a b le  t o  show th a t  th e  slow  p o s i t iv e  ( in s id e )  
p o te n t ia l  reco rded  i n t r a c e l l u l a r l y  was g en era ted  by a  d e p o la r is a t io n  
a c ro ss  th e  s u r fa c e  membrane o f  th e  im paled nerve fib re*
The mode of p ro d u c tio n  o f the d o rsa l ro o t p o te n t ia l  (DE3T) in  
maomalia and amphibia i s  n o t a s  y e t  f u l l y  u n d ers to o d , and only th e  
d e f in i te  f in d in g s  and p o s tu la te s  can be l i s te d *  The a v a ila b le  ev id­
ence in d ic a te s  t h a t  th e  g e n e ra to r  o f  d o rs a l  ro o t  p o te n t ia l s  i s  found in  
the  d o rsa l h a l f  o f  th e  c o rd , f o r  P i t t s , McCulloch ,Wall and L e ttv in  (1954) 
cou ld  only  produce slow  p o te n t i a l s  i n  the  d o rs a l  ro o t by s t im u la t io n  
w ith  a  m ic ro -e lec tro d e  when th e  e le c tro d e  was in  th e  d o rs a l  p a r t  of the 
cord  and Wall (1958) concluded th a t  only f ib r e s  te rm in a tin g  on intex*» 
neurones, which were co n cen tra ted  in  d o r s a l  horns and in to  m e d ia te  
n u c le i  appeared to  be capab le  o f  g e n e ra tin g  DKP* s* W all a ls o  concluded 
th a t  a t  l e a s t  a  p o r t io n  o f th e  DEP was a s s o c ia te d  w ith  the development 
o f a  la rg e  s in k  f o r  c u r r e n t  in  th e  te rm in a l a r b o r is a t io n s  o f  the 
primaxy a f fe re n t  f ib re s *  The a b i l i t y  o f a c t iv a te d  a f fe re n t  f ib r e s  t o  
induce p o te n t ia l  changes in  u n s tim u la ted  f ib r e s  has le d  to  the p ro ­
p o sa l th a t  po tassium  io n s  (B arron and Matthews 1958) o r  s p e c i f ic  chemi­
c a l  t r a n s m it te r s  (F a t t  1954) re le a s e d  by a c t iv e  p re sy n ap tic  f ib r e  
te rm in a ls  d e p o la r ise  a d ja c e n t te rm ina ls*  Bonnet and Bremer (1958, 
1952), Dun and Feng (19 4 4 ), f icc les  and Malcolm (1 9 4 6 ), Lloyd and MacIn­
ty re  (1949), Jung (1955), S o c les  and K ra jev ic  (1959) have suggested  
th a t  in te ra e u ro n a l  a c t i v i t y  i s  a  c o n tr ib u tin g  f a c t o r ,  e i t h e r  by the 
flow  o f  e l e c t r i c  c u r re n ts  around th e  soma o f  such c e l l s  o r by the  r e ­
le a s e  o f t r a n s m it te r  from  in te ra e u ro n a l  axon te rm in a ls  ad jacen t to  
prim axy a f f e r e n t  te rm ina ls*
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Previous pharmacological observations on the DBP have been
r
largely restricted to drugs known to act at peripheral cholinergic 
synapses, strychnine and veratrine*
Nicotine abolished the DEP, (Barron and Matthews 1958) , 
strychnine, ver&trine and curare prolonged it (Socles and Malcolm 1946) 
acetylcholine depressed it (Secies 1947); prostigain® and eserine pot­
entiated it at low concentrations and blocked it in higher concentra­
tions (Bonnet and Bremer 1948, 1952); the organophosphorus cholines­
terase inhibitors did likewise (Kolmodin and Skoglund 1955)«
Koketsu (1956) reported that the dorsal root potential set up 
by ventral root stimulation (VR-DRP) was also increased in magnitude by 
eserine*
The effects of GABA and L-glutamic acid on the dorsal root 
responses are illustrated in Fig. 58# The upper responses (A-F) are 
the potentials evoked in a dorsal root by stimulation of an adjacent 
dorsal root and the lower responses represent the potentials simultan­
eously evoked in the ventral root of the same segment* The DEP is 
complicated in its early stages by the dorsal root reflex (DER)dis­
charges (Barron and Matthews, 1958; Socles and Malcolm, 1946; Tregear 
1958)»
•»3After recording the control responses (A), 2 X 10 M GABA was 
perfused through the bath for 1 minute and the records (B) show that the 
ventral root response was almost completely abolished whilst the DEP 
and the DER were greatly decreased* Two minutes after washing, all the 
responses had recovered completely* 2 X 10 M D-glutamic acid was then 
perfused through the bath for 45 seconds and the responses of (E) record­
ed* The reflex discharges in the ventral root response were prolonged;
m
the DBF was reduced but the DER was s ligh tly  increased* The prepara­
tion recovered rapidly after washing (F)*
I f  GAM and g lu tam ic  a o id  w ere p e rfu sed  th ro u g h  the b a th  w h ils t  
p o t e n t i a l  changes in  th e  d o rs a l  ro o t  were being  re c o rd ed  d i r e c t ly ,  in  the 
absence o f  any e l e c t r i c a l  s t im u la t io n ,  i t  was found t h a t  Lpglutam ic a c id  
r e s u l te d  in  a  d e p o la r is a t io n  o f d o r s a l  ro o t f ib re s *  GABA, d id  no t cause 
ary  p o t e n t i a l  v a r ia tio n s *  A ty p ic a l  r e s u l t  w ith  L -glu tam ic ao id  i s  
i l l u s t r a t e d  in  Fig* 38 (G) • At th e  f i r s t  arrow  2 x  I cT^M I> glu tam ic
a c id  was p e rfu sed  in to  the  b a th  and 6^ seconds l a t e r  a  d e p o la r is in g  
p o te n t i a l  developed ra p id ly  in  th e  d o rs a l  root*  The t e s t  so lu tio n  was 
washed o u t a t  th e  second arrow , and a f t e r  a  f u r th e r  15 seoonds th e  
p o t e n t i a l  f lu c tu a t io n  commenced to  re tu rn  to  nozmal* The magnitude o f 
th e se  p o te n t i a l  f lu c tu a t io n s  was dependent on the c o n c e n tra tio n  o f  
Is-glutam ic acid*  S im ila r  d o rsa l ro o t p o te n t ia l  changes were seen  a f te r  
th e  a p p lic a t io n  o f  oarbam inocheline (5  X 10 M) and h ig h e r c o n c e n tra tio n s  
o f a c e ty lc h o lin e  (5 x  10~3M).
An exam ination  was made of th e  changes in  th e  VR-DKP caused 
by drugs which a re  a c t iv e  a t  p e r ip h e ra l  c h o lin e rg ic  synapses* As a 
c o n t r o l ,  th e  changes i n  the  DEP were reco rded  a t  th e  same time* A cety l­
c h o lin e  and carbam inocheline  always d ep ressed  the  m agnitude o f the 
VR-DKP* The p o te n t i a l s  s e t  up in  a  d o r s a l  r o o t  by s tim u la tio n  o f  th e
v e n t r a l  ro o t o f  th e  same segment (VR-DBP) and the  a d ja c e n t d o rs a l  ro o t
—5(DEP) a re  i l l u s t r a t e d  in  Fig* 39 (A)* 10 U a c e ty lc h o lin e  bromide
was th en  p e rfu sed  th rough th e  bath  f o r  4  m inutes and th e  re sp o n ses  o f 
(B) recorded* The VR-DKP had been co n s id e ra b ly  reduced  whereas the
DRP was vexy l i t t l e  a lte re d *  The b a th  was washed ou t and a f t e r  the
—5re sp o n ses  had reco v e red  4 m inutes l a t e r  (C) 10 M a c e ty lc h o lin e  was
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perfused through the bath* Tee minutes later (D) the VE-DEP was al­
most abolished and the height of the DEP had been reduced by nearly a 
half« After washing the potentials took 12 minutes to recover (E)«
Fig* 59 (F-J) illustrate the effects of the same concentra­
tions of oarbaminooheline on the same preparation« It was observed 
that although the onset of action of carbamineoholine was slightly 
faster than acetylcholine, and its duration of action after sashing 
longer, the magnitude of the depressant action of the drugs on ths 
VR-DEP was almost the same« C&rbaminoeholine, however, depressed the 
DEP to a much greater extent than acetylcholine« On all of ths pre­
parations tested oarbaminooholine and acetylcholine were found to be 
equally as active in reducing the magnitude of ths VR-DRP« The longer 
latency of action of acetylcholine and its shorter duration of action 
might be expected in view of its susceptibility to hydrolysis by true 
cholinesterase* Carbamineoholine is unsusceptible to hydrolysis by 
either true-or pseudo-cholinesterase« (Goodman and Gilman 1955)«
When applied in lower concentrations, the anticholinesterases, 
eserine and prostigooine, sometimes caused a small increase in magnitude 
and prolongation in duration of the VR-DHP, and in higher concentra­
tions they invariably depressed the response« The responses of Fig«40
(A) illustrate the DEP, VE-DEP and ventral roet response (VEE) of a
—5preparation prior to the perfusion of 2«5x 10 M eserine salicylate 
through the bath« After 5 minutes of perfusion (B) the VE-DEP was 
prolonged in duration whereas the DEP and VEE had net been altered* After 
15 minutes of perfusion with the e serine solution (c) the VE-DEP had 
been reduced in magnitude, the DEP was slightly reduced and ths VEE in­
creased a little« 70 minutes after washing (D) ths zesponses had recover­
ed*
126.
Three drugs which are known to  block cholinergic transmission, 
dilydre-B-ezythroidine (DHE),  hexametheniuu (Cß) and atropine, were 
tested on the magnitude ef the DEP and VE-DEP* DHE in very low con­
centrations effectively reduced the magnitude of the VR-DRP* An ex­
ample of the action of DOSS is  illu s tra ted  in  Fig. 41 (A-D); 10 minutes
afte r the application of 10 M DUE the control VE-DEP (A) had been
-4considerably reduced (B). 10 M DHB was then perfused through the
bath fo r  a further 10 minutes and the VE-DEP was nearly abolished (c). 
After mshing the potential took 5 hours to  recover (D). Although the 
VE-DEP was almost abolished, the DEP and VRR were v irtually  unaltered 
by even the higher concentrations of DHE*
Atropine was less effective as a depressant of the VE-DEP.
This is  illu s tra ted  in Fig. 42 where the minimal concentrations of 
atropine and DHB capable of completely abolishing the VE-DEP were es­
timated, Fig* 42 (a ) ,  (B) and (c )  i l lu s tra te  the effects of perfusing
—5the preparation for 15 minutes with 10 M DHE solution. The VE-DEP
was abolished whilst the DEP and VER remained unchanged* The minimal
concentration of atropine capable of depressing the VE-DEP to an equal 
-4extent was 10 M (E) was recorded a fte r the preparation had been per­
fused fo r 15 minutes with an atropine solution of th is concentration. 
The DEP was unchanged in magnitude. Recovery a f te r  ths cessation of 
perfusion with DHE took 2^ hours (c) and a f te r  atropine 2 hours (F).
Hexamethenium in concentrations up t f  10~*M had ne effect on 
the VE-DEP, in  higher concentrations i t  reduced both the VE-DEP and DEP 
and increased the re f  left discharges in  the ventral root. The ex c ita t­
ory action of d-tuboour&rine (d-TC) on the toad spinal cord has already
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beon mentioned* On the majority of preparations d-TC caused a re­
duction in the VR-DHP, and the DKP and a greatly prolonged ventral 
root after-discharge* Such a preparation is illustrated in Fig* 45 
where after recording the control responses (A) 10~^M d-TC was per­
fused through the bath for 12 minutes and the responses (B) recorded*
The bath was then washed and the responses had fully recovered 1 hour 
later (c)* The VR-DRP had been reduced but the DEP was also decreas­
ed so no conclusions could be drawn as to the selective effects of d-TC 
on the VR-DRP. In two preparations, however, the VR-DHP was reduced 
in magnitude without a simultaneous reduction in the DEP* In Fig. 44
(A) are seen the control responses from one of these preparations.
—510 M  d-TC was perfused through the bath for 12 minutes and the re­
sponses (B) were recorded. The VR-DHP had been reduced in magnitude 
but the DRP remained unaltered* The ventral root discharge was also
reduced slightly. Perfusion of the preparation for 8 minutes with 
-410 M d-TC (C) caused a further reduction in the VR-DHP and the DRP was 
also reduced a little. After washing the VR-DHP had recovered fully 
in l£ hours. The decrease in the VR-DBP in this preparation was there­
fore relatively much greater than that in the DRP aid it can be condol­
ed that this was a selective effect on the system generating the VR-DHP 
in this preparation.
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(7) Other Postulated Transmitter Substance a*
«210 M solutions of adrenaline bitartrate and histamine dihydro-
ohloride were without effect on the ventral root responses to dorsal
root stimulation, confirming the results obtained by Angelucci (1956)*
5 -hydrorytxyptamine ( % -HT) was available only in the form
of 5 -hydrorytxypt amine creatinine sulphate and this compound had an
excitatory action causing an increase in the ventral root discharges*
Creatinine sulphate, at the same concentration, had an almost equally
excitatory action so it is probable that 5 -HT is without effect on
the toad oord* This would confirm Angelucci* s results* The sodiiaa
••5salts of ATP and ADP were inactive at concentrations of 2 X 10 M*
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(8) Discussion for (5) (6) and (7),
Aß was stated in the introduction to this problem* the mode 
of generation of dorsal root potentials is regarded with considerable 
uncertainty and this has complicated an evaluation of results present­
ed in this section* The ability of an afferent volley in a dorsal 
root to evoke depolarising potentials in adjacent roots indicates that 
the process of activity in one presynaptic terminal can directly or in­
directly* electrically or chemically* affect the resting potential of 
other presyn&ptic fibres* Previous investigations have not demonstrat­
ed if this action is of necessity mediated through intemeuronal dis­
charge* but the long duration of the DHP suggests that sustained inter­
neuronal activity is responsible for at least the later stages of the 
potential*
The only example of a pre-synaptic action of GABA, is that 
reported by Dudel and Kuffler (I960)* who have suggested that it de­
creases the release of transmitter from pre-synaptio fibres of Crustacea 
as well as acting post-ay nap tioally* This is probably a reflection of
the unique physiological, organisation at this junction* for impulses in 
the inhibitory fibres also have an action on the pre synaptic excitatory 
fibres* reducing the release of excitatory transmitter (Dudel <*nd 
Kuffler I960)* The evidence* presented in Section A of this report* 
however* indicates that in the cat* GABA has no effect on the preaynaptäc 
terminals.
If it can therefore be postulated that GARA acts only on the
soma membrane of amphibian neurones* the reduction in the dorsal root 
potential it causes* indeed* the abolition when higher concentrations
150.
are applied, o&n only be due to the blocking of interneuronal and moto- 
neuronal activity* This conclusion is supported by the »j«-» i«r» rates 
of decline of DEP and ventral root slow potential caused by GABA#
Interneuronal activity may therefore be an integral factor in 
the causation of dorsal root potentials# Since Tregear (1958) has re­
ported that the magnitude of the dorsal root reflex is dependent on the 
magnitude of the dorsal root potential, its decrease would be expeoted 
to parallel that of the DEP# It must be pointed out that the DBP* s 
in the present series were invariably those recorded from roots adjacent 
to the stimulated root and that these conclusions may not apply to the 
potentials generated at the presynaptio terminals of the stimulated 
root.
The apparently depressant action of L-glutamic acid on the DEP 
o&n be explained in a similar fashion to the decrease in ventral root 
potentials by this compound, namely an occlusion fey the continuous back­
ground of depolarisation due to interneuronal activity* The excita- 
hility of the pre—synaptic terrains Is had obviously not been impaired for 
the dorsal root reflexes were increased in magnitude# The depressant 
effect on the DEP of carbaminocholine and acetylcholine (at higher con­
centrations) can also be explained in this fashion (Socles 1947)*
ln his paper, Koketsu (1956) concluded that the slow potential 
change in dorsal roots evoked by antidromic ventral root stimulation was 
due to the activity of motoneurones or interneurones* The long latency 
of the response ( 1 0 - 1 5  msec) apparently precludes its generation by 
the antidromic depolarisation of the somas of those motoneurones whose 
axons were stimulated* A possible route whereby interneurones in the 
dorsal horn of the preparation could be excited by ventral root volleys
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might commence along motor-axon collaterals* If this was the case 
transmission at the first synapse on the pathway would be expected to 
be cholinergic, since other terminals of the same axons release acetyl­
choline at the neuromuscular junction, (Dale's Principle) and thus 
would be similar to the corresponding synapse in the cat (Eccles, Fatt 
and Koketsu, 1954; Eccles, Socles and Fatt 1956; Curtis and Socles 
1958 a and b)* It was with this possible anatomical similarity in 
mind that the phazmaoology of the VR-DBP was investigated, and the re«* 
suits were then compared with the pharmacology of synaptic transmission 
onto Renshaw cells* Drug effects which were restricted to the YR-DRP 
were taken as being valid actions on the pathway responsible for its 
generation, but if similar changes were also produced in the DBF, it 
was felt that no specific conclusions relating to the VR-DBP could be 
made (Table VIII).
The pharmacological observations made on the VR-DRP corres­
ponded very closely to those that had been made on Renshaw cells in 
the cat* Acetylcholine and carbaohol which excite Renshaw cells were 
equally as effective in depressing the response, an observation that 
can again be explained on the basis of the occlusion of the response 
to ventral root stimulation by the high background rate of discharge 
of cells in the pathway* Dilydro-B-ezythroidine depressed the potent­
ial at very low concentrations and was oonsiderhbly more active than 
hexamethonii» and atropine# DHB, as reported in Section A, was the 
most active of the drugs which bio ok cholinergic transmission onto 
Renshaw cells* Anticholinesterases, which prolong the excitation of 
Renshaw cells fay aynaptically or iontophoretioally released acetyl­
choline potentiated the VR-DKP when applied in very low concentrations
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and depressed it in higher concentrations* Thus although no anatomic­
al information is as yet available as to whether or not motor-axon 
collaterals and Renshaw-type cells exist in the amphibian spinal cord 
(Washizu 1960) the present investigation offers pharmacological evi­
dence for the presence of such a system, which is probably involved in 
the generation of the VRrDHP*
In addition to their actions on the pathway of the VR-DKP, 
cholinomimetic drugs appear to have an excitatory action on the spinal 
cord which is manifested by depolarising potentials in the dorsal and 
ventral roots* Since several of the oholinomimetio drugs tested were 
mere aotive than acetylcholine in producing these effects, the question 
arises as to whether this effect was mediated through the synaptic re­
ceptors present in the neuronal membrane. An analgous situation is 
present at many of the peripheral receptors which are excited by acetyl­
choline (See Gray 1959 for review)«
In some of these preparations there is no doubt that acetyl­
choline can initiate a discharge (Diamond 1955) and that the action of 
acetylcholine summates with the physiological stimulus« The responses 
are produced by doses of acetylcholine of the same order of magnitude 
as those required to excite the skeletal neuromuscular junctions and 
apparently represent a direct action on the receptor ending itself«
At many of these endings the action of acetylcholine can be blocked by 
curare without affecting their physiological stimulation, which may not 
therefore be cholinergio. Although Beutner and Barnes (1942), as a
result of their studies on artificial membranes, predicted that acetyl­
choline could be expected to cause potential changes across biological 
membranes, experimental evidence suggested that it did not act on
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nerve fibres (Lorente de No, 1944; Straub, 1955) or on preganglionic 
nerve terminals (Brink, Bronk and Larrabee, 1946)* However, in & 
recent series of experiments, acetylcholine has been shown to depolar- 
ise non-uyelinated C fibres in the vagal nerve of rabbits (Amett ami 
Ritchie, I960)*
The problem of whether this action of cholinomimetic sub­
stances on the toad spinal cord is actually simulating tho action of 
naturally released transmitter substances or is occur!ng at m>n~synaptio 
receptors cannot at the moment be settled* Further investigations 
using iontophoretic&lly applied cholinomimetic substances will be requir­
ed to define their site and mode of action* However, atropine (1Q~^M) 
was without effect on the magnitude of ventral root reflex responses 
although it abolished the excitant action of carbaohol* it can there­
fore be concluded either that the action of carbaohol bears no relation­
ship to the naturally occurring processes of synaptic transmission or 
else that such cholinergic transmission occurs between oells which lie 
on pathways other than those involved in the ventral root reflex re­
sponse, and which will therefore be difficult to identifyp The
second possibility is strengthened by the failure of iontophoretically 
applied carbachol to modify the responses of several dorsal horn cells; 
these cells having been identified by their response to dorsal root 
stimulation*
The ineffectiveness of adrenaline on tho responses of tho toad 
spinal cord confirm the findings of Hausier and Stars (1952) and Angel- 
ucoi (1956)« Histamine was also inactive confirming Angelueci's 
results* The excitatory effects of histamine described by Hausier and 
Sterz may have been due to its action on peripheral receptors* The
sodium s a l t  o f  ATP was a ls o  w ithou t o f f s e t  a t  th e  c o n c e n tra tio n s  te s ted *
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(C) General Conclusions and Summary.
The investigations reported in this thesis have been present­
ed in two sections* Both sections have been concerned with possible 
methods of the identification of transmitter substances at synaptic 
junctions between neurones* In Section A, the technique of ionto- 
phoretic application of substances was used to test a range of amino 
acids and other postulated transmitter substances on neurones of the 
cat* 8 spinal cord* In Section B, similar substances were tested on 
the isolated hemisected toad spinal cord by dissolving them in the per­
fusion solution and then recording the changes in the ventral root 
responses*
Mary of the amino acids tested on Hie cat's spinal cord were 
found to have marked effects on the excitability of Renshaw cells, 
intorneurones and motoneurones* Certain neutral amino aoids, were 
depressants of neuronal excitation* Of these GABA, ß-alanine and 
taurine were the most active depressants tested* Modification of the 
structure of these compounds invariably led to a decrease in depressant 
activity* The mode of action of GABA and ß-alanine was elucidated by 
applying them into the immediate extracellular environment of mo to- 
neurones whilst recording in trace llular ly from the same motoneurones* 
These substances, and their actions, which are probably representative 
of the whole group of depressant amino monooarboxylie and amino sulphan- 
ic aoids, caused a decrease in the membrane resistance without ary 
accompanying change in the membrane potential. This immediately dis­
tinguished them from the inhibitory transmitter, which when released 
from inhibitory pre-synaptic terminals by an afferent volley in the
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inhibitory neurones, was able to oause a hyperpolarisation of the 
impaled motoneurones*
Some aeidic amino dioarborylic acids and related compounds 
were able to excite cells in the oat's spinal card when applied into 
their immediate vicinity* These compounds like the depressants were 
active on interneurones, motoneurones and Benshaw cells* Extensive 
testing upon motoneurones of L-glutamic and aspartic acids revealed 
that they caused an active depolarisation of the neuronal membrane, 
and it was possible to show that the depolarisation is associated with 
a lowered threshold for excitation, as tested by a direct stimulus*
The potential change was of sufficient magnitude in interneurones and 
Rons haw cells to reach the cell threshold« The larger size of moto- 
neurones was probably responsible for the failure of iontophoretically 
applied aspartic and glutamic acids to fire these cells* There is In­
sufficient evidence at the moment to either confirm or exclude these 
substances, or similar compounds, as excitatory transmitter substances 
of the mammalian central nervous system*
Acetylcholine had been previously identified as the excitat­
ory transmitter at junctions between motor-axon collaterals and Renshaw 
cells* -In contrast, interoeurones and motoneuronss do not respond 
to iontophoretic application of this substance (into their extra­
cellular environment)« This result cannot, however, be automatically 
extended to include interneurones and mo to neurones generally, for 
other investigators have obtained evidence of excitatory oholinergio 
synapses in the oat spinal cord* Presumptive evidence was also ob­
tained for an alternative excitatory pathway onto Renshaw oells. This 
excitation, evoked by afferent volleys in the dorsal roots, probably
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occurs without the mediatbn of motoneuronss and is apparently non- 
oholinergic in type, for it was resistant to drugs which blocked -the 
excitations evoked by synaptically and iontophoretioally applied 
acetylcholine. Other substances, which have been postulated as 
central transmitter substances, including 5 -hydroxytryptamine, hista­
mine , adrenaline, nox*»adrenaline and adenosine triphosphate, were each 
without effect upon all interaeurones on which they were tested.
Atropine, which has been extensively used in the past for the 
identification of cholinergic synapses, was found to have a depressant 
action on non-oholinergic interneurones and motoneurones. This com­
pound, which has structural similarities to procaine, appeared to have 
a similar action to the latter substance on interaeurones and moto- 
neurones. In view of the fact that concentrations of only 2 - 5  times 
those required to block cholinergic excitation of Benshaw cells also 
blocked the excitation of these cells by glutamate ion, atropine is 
probably of dubious value in the identification of cholinergic synapses.
Pharmacological investigations on the isolated hemisected toad 
spinal cord have indicated that this preparation may prove to be of use 
as a preliminary test preparation in the identification of mammalian 
transmitter substances. All of the amino acids which were active on 
neurones of the mammalian spinal cord were similarly active on the toad 
spinal cord, though some which depressed or excited the toad spinal 
cord were not active on neurones of the cat spinal cord. However, maty 
of the substances in this latter category are active when applied 
topically onto neurones of the mammalian cerebral and cerebellar 
cortices.
The results with drug» which act at cholinoceptive receptors
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offer pharmacological evidence for the presence in the toad spinal 
cord of a ay stem of neurones analogous to the Renshaw cell system of 
oats* It is postulated that the pathway involved in the generation 
of a potential in the dorsal root, subsequent to ventral root stimu­
lation commences along the motor axon collaterals* The first synapse 
along the pathway would be expected therefore, to be cholinergic, a 
conclusion which is supported by the experimental results* A r&rge of 
cholinomimetic drugs were found to be more active than acetylcholine 
in evoking a motoneuronal depolarisation and discharge of impulses into 
the ventral roots* It is suggested that these compounds, the actions 
of which can be blocked most effectively by atropine, in concentrations 
which do not affect the ventral root reflex discharges, may be acting 
at specific post-synaptio transmitter receptor sites; the naturally 
occurring transmitter at these sites being a different choline ester 
from acetylcholine*
Histamine, adrenaline and adenosine triphosphate were also 
inactive on the toad spinal cord, paralleling the results obtained with 
these substances in the oat*
In conclusion therefore, it can be pointed out that the use of 
iontophoretic techniques of application and the use of isolated pre­
parations has done much to overcome the problems arising out of previous 
methods of testing substances on post-synaptic receptor sites* The 
iontophoretic technique allows an analysis to be made of the responses 
of individual neurones in the spinal cord to postulated transmitters 
under conditions which are closely akin to the naturally occurring pro­
cesses of synaptic transmission* The problem of the blood brain
rbarrier impermeability to m&qy of these sub stances in circumvented 
and peripheral actions or actions on the vascular system within the 
spinal cord with consequent modification in neuronal responses are 
avoided* The main disadvantage of the technique , however, arises 
from the fact that a limited lumber of neurones only can be tested 
and maqy cells which might otherwise respond to the substance in the 
eleotrode could be overlooked*
Perfusing an isolated hemisected toad spinal cord with a 
solution containing the substance under investigation ensures that the 
compound has access to all cells in the preparation* The problem then 
becomes one of defining the site of action of the drug* Thus, further 
investigations using the technique of iontophoretic application will 
be required before the mode of action of the cholinomimetic drugs on 
the toad spinal cord oan be evaluated*
Ultimately, a preparation suoh as the toad spinal cord on 
which drugs oan be tested by both techniques offers the greatest possi­
bilities for the identification of transmitter substances* The size 
of the cat spinal cord, and the possibility that the pial membrane 
around it may exhibit a selective permeability to topically applied, 
drugs limits the degree of success which oan be obtained with this 
method* However, a combination of the two techniques may well be 
adaptable to the testing of transmitter substances on the cells in 
superficial areas of the brain*
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TABLE I
Classification Substance Action . & 
cell type 1
A* Cholins Esters* Acetylcholine bromide M(0){ 1(0); R(*)
Carbaoinocholine chloride 1(0); B(+)
Propi ony lcho line -p- to luene - 
sulphonate
1(0); R(+)
Crotonylcholine iodide i(o); H(+)
Urocany lcho line chloride 
hydrochloride
i(o); R(+)
B ,B-Dima thy lacry ly lcho line 
iodide
1(0); R(+)
*~Buty ry lcho line chloride 1(0); R(+)
Choline chloride 1(0)
B« Ant icho line st- 2-Hydroay-5-phenylben2yl 1(0); R(+)
erases« trime thy lamnonium 
bromide dims thy loarbaa&te 
( NÜ685 )
m~hy droxy phony 1« trims thy 1- 
asttonium bromide H« -chloro 
-pheny l-fl-me tby lc&rbamate •
( NUI250 )
1(0); R(+)
1,5-Di( -N-aUyl-N-methyl- 
aminopheqy l)pen tan-5-1- 
dimethobroraido* (284C51)
1(0); R(+)
(3-Qydroxyphenyl) dime tky 1- 
ethylammonium chloride*
( Tensilon )
1(0); R(+)
Prostigmine bromide 1(0); R(+)
Methylene Blue i(o); R(+)
C* AC h~Blooking Dihydro~B-erythroidine
Agents hydro bromide (EHE) 1(0); R(-)
Gallamine triethiodide 
( Flaxedil )
D-Tubocurarine hydrochloride 
( D-TC )
1,5-Pentane-bis(trimethyl- 
ammonium iodide)« ( Cg )
1,10-Decane-bis (trimeti\yl- 
aomonium iodide). ( G ln ) 
d-e,4-(l ,3 -Dibeaxyl-2 -keto- 
amidazolido)-l,2-trimethyl-
1(0); R(-) 
l(0)i - 
1(0); R(-) 
1(0)
R(->
ane thiophanium d-camphor- 
sulphonate ( Arfonad )
3,14-Dioxahexadecane-l ,6 -bi a R(-)
( dimetty l-o&rbopropoxy- 
oie thy I-amraonium bromide)
( Pres tonal )
Deoame thy lene-bis-dimethyl- R(-)
phenylettyrlaamoniu» bromide
( C10M»2Ph Et ) 
Hexamine acetate 
1,6HHe xane-bi s (t rime 1-
R(-)
i(o)i R(-)
ammonium iodide)« ( Cg )
D» Unclassified 
substances.
Nicotine i\ydr©chloride 2DL-Camitine (hydrochloride) oAce ty 1-DL-carnitine (hydrochloride)
Ko)
1(0); R(0)
KO).
FOOTNOTES.
(1) . M, motoneurons; I, interneurone; R, Renshaw cell;
(*), exaltation; (-), depression; (0), no action.
(2) These substances were dissolved in hydrochloric acid 
to produce solutions of pH3 from which they were 
passed ionophoretically as cations.
TABLE I I
ADDITIONAL SUBSTANCES APPLIED IONOHiORETICALLY TO INTBBNSUBONBS
C l a s s i f i c a t i o n S u b s ta n c e A o tio n
A ( i )  Syrapathomime t i c L -A drenm line b i  t a r t  r a t e a
A g en ts Ir-N o ra d re n a lin e  b i t a r t r a t e 0
E p h e d rin e  h y d r o c h lo r id e 0
A. ( i i )  A d re n e rg ic N ,N -D ibenzy l~ B - c h lo r o e t ty  lam ino 0
B lo c k in g h y d ro c h lo r id e  (  D ibenam ine )
A gen ts E rgo tam ine  t a r t r a t e 0
D ih y d ro ~ erg o tam in e  me th a n e  s u lp h o n a te 0
yoh im b ine  hy d r o c h lo r id e 0
Jk ( i i i )  Monoamine I s o n i e o t i n i c  a c id  by d r  a z id e 0
O x idase ( I s o n i a z id  )
I n h i b i t o r s 1 -1  s o n ic o t in o y  1 - 2 - is o p ro p y  H y d r a z in e  
p h o sp h a te  ( I p r o n i a z i d  )
0
B* See t e x t  f o r 5 -B y d ro a y tiy p ta m in e  ( 5-HT ) 0
r e p o r te d  a c t i o n s 5 -h y d ro  ry tx y p ta m in e  c r e a t i n i n e  s u lp h a te 0
C. ( i )  See t e x t  f o r
r e p o r t e d  a c t i o n s
H is ta m in e  d ih y d r o c h lo r id e 0
( i i )  H is t t tn in e M epyram ine m a le a te 0
a n ta g o n i s t
D« See t e x t  f o r A denosine  t r i p h o s p h a te  ( ATP ) 0
r e p o r te d  a c t io n s «
" 'S------------------------------------------ -
( i )  0 s  No a o t i o n  on  th e  c e l l s  t e s t e d
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TABIE V,
depressant compounds
COMPOUND ( I )
“ T5J
TOAD
CORD
1 P J  1
CAT SPINAL 
CORD'
t * t
CAT
CORTEX x
1 C5)
CRUSTACEAN 
STRETCH 
RECEPTOR 3
G lycine — « m m  m m m m
B-Alanin© — mm m m  mm
)f-Amino-n -b u ty  r io  ao id — -  -  - — m m  m m  m m  m m
$“A m ino-n-valeric  ao id mm  m m m m  mm . . . .
£-Amino cap ro ic  a c id 0 m m m m  m m
N-Meti\y l-B -a la n in e
N^N-Dimotlyrl-B-alanino - 0
B -P ro p io b eta in e  HCl« 0 0
N-Methy l-^ -a ia ino  -n - 0
b u ty r ic  a c id
N ,N~Dimeti\yl~ X-amino - 0
- n - b u ty r ie  a c id
2f-Butyrobetaine 0 0
Aminome thane su lphon ic - NT
ao id
Taurine •  -  -  - -  - 0 -  -
J- Amin opropans NT
su lphon ic  ac id
N ~M etty ltaurine 0 0
GJycocyamine — e — -  -  -  -
^-Cruanidinopropionic •M «■» NT -  -  -  - • --------
ac id
y -G u aaid in o b u ty ric  ao id 0 0 -  - m m  mm m m
D (-) -  -A lanine ee mm
L ( ^ - A l a n i n e -  -
DL- * ~Am inoisobutyrio 0 0 0
ac id
1
FOOTNOTES.
(1) . Column (5). Relative activities as reported by Curtis
and Watkins (i960).
(2) . Column (4). Relative activities as reported by purpura
at al (1959)
(3) * Column (5). Relative activities taken from Edwards and
Kuffler (1959), and transposed into a symbolic 
form.
TABLE VI.
EXCITANT COMPOUNDS,
-------------------L-------------------
(X) (2) (3) (*> (5)
COMPOUND TOAD CAT SPINALi
CAT
2
RABBIT
3
COED COED CORTEX CORTEX
AminomaIonic acid 444 4
DL-Asparti« acid 444 444
D-Aspartic acid 444 ♦+(♦)
L~ A spartic ac id 444 444 Blockade 444
DL-Gluta»io acid 4444 444 o f a l l
D-Glutaaic acid 4444 +♦(+) p* s .p , s 4444
L-Glutamic acid 444 +4-4- 444
DL-c< -Aminoadipio acid 4 4 44
DL- a. -Aminopimolic acid 44 4*
BL- c* -AminosabSLcic acid 0 NT
L-Q ysteic ac id 444 444
DLHHosaocy s ta le  acid 444444 NT
L-Qy s te in e  su lp h in ic 444 4*4*4
acid
N-Mettyr l-D L -asp artic 44-H-I-4 44
acid
N-Matfyl-D-aspartiG: acid 4444444 NT
N “Motley 1-L-aspar t i c  ac id 44444 NT
N ,N-Dim«ti\yl-DL-asparti© 444 4
acid
4
K-Metfy 1-DL-glutasaic 4444 0
acid
N ,N-Dimethy 1-L-glutam ic 44 0
acid
ok-Glutarobetaine 0 0
N-Foimiinino-L-aspairtic 444 44
acid
B-Hydroxy-glutamic
acid
<*-Me tl\y l-DL-glutamic 
acid
Ti- K- R -Diaminopim* lie
..
+
0
♦♦
0
0
acid
B-Aiainoglutaric acid ++(+)
DL- 2 -Aminoffletbylsuccinio +
acid
2 -Aminos thy Ima Ionic acid 0 0
D-Asparagine +++ NT Blockade
L~ Asparagine ■M- 0 of all
N-üe tty 1-DLr Asparagine NT p*s.p.s
L-2-Garboxy-2-amino * NT
ethane sulphonasd.de
L-Glutamine <+> 0 0 ♦
Tartronic acid *- NT
D-Malio acid NT
L-Malic acid + 0
D-Serine 0
L-Serine w 0
DIHIotao serine (♦) NT
to-Aminoheptanoio acid (♦) Blocks
OvAminocapiylic acid w i.p. s»p.
(o-Aminononanoic acid +
*5 -Aminobutane sulphonic ♦
acid
S -G-uani din o-n-valeric (+)
acid
L-Leuoine w
DL-Norleudne (♦)
L-Valine (♦)
DL-Nofcvaline (♦)
Methionine (+)
FOOTNOTES.
(1) Column (3). Relative activities as repotted by Curtis
and Watkins (I960)*
(2) Column (4)* Results reported by Purpura et al (1959)*
(3) Column (5)* Relative activities as reported by van Harre veld
(X959) and transposed into symbolic: form*
(4) The substance used in the cat spinal cord experiment has
since been shoen to be impure
TABUS VII
Relative Potency of Cholinomimetic Compounds;
Compound* Action expressed as a % of 
that of carbaminocholine (I)
Carbaminocho line x o c #
Cro tony 1c ho line 75 - i05#
U roc any lcho lin o o> t* 00 *
Nicotine 75 - 76%
Acety l-B-me t hylcho line 51 - 66
N-Butyry lcho line 52 - 40^
B ,B-Dimeti\y laciyly lcho line 2 0 - 5 7 %
Propio^y lcho line 18 - 25%
Acetylcholine 0 - 2 0 %
Footnote* (!)• Comparisons are based on the magnitude of the depo lari sat
-ions produced by equimolar concentrations of the drug.
TABUS VIII
Compound Action on V.R.response Action on 
DBP.
Action on 
VB-DBP
Action on
carbaohol
depolarisat­
ion^
klone Dorsal rogt 
stimulation
Acetylcholine ♦ - - mm mm mm
Carbaohol +++ - - - m m  m m  mm
Eserine
salicylate 0 ♦ - 0
Prostignine
bromide 0 + mm m m  mm 0
Bihydro-B 0 0 Hot « •
exythroidiiie tested
Hexame t honiuoE (♦) ♦ - - mm m m
Atropine (+) 4- (-) - - mm m m  m m
sulphate
Decamethonium ♦ ♦|
d-Tubocurarii +++ —
FOOTNOTES, (i) Estimates based on the amount of spontaneous impulse 
discharge down the wentral root, and the magnitude of 
negative potentials in the ventral root*
(2) Estimates relate to changes in the magnitude of the 
reflex volley discharge( and not the magnitude of the VHP^
(3) Estimates based on the magnitude of decrease in the 
negative ventral root potential evoked by perfusing a 
standard concentration of carbaohol through the bath*
Pig* I. Tracing of a photograph of a five-barrelled electrode
EC
-A
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Fig* 2 . P o te n t ia l s  recorded by a m ic ro e lec tro d e  from the
d o rs a l  horn o f  th e  sp in a l cord  and evoked by a v o lle y  in  a l l  
m yelinated  a f f e r e n t  f ib r e s  of th e  s u p e r f ic ia l  p e ro n e a l nerve.
A & B -  co n tro ls*  C, D, 4 and 6 seconds re s p e c tiv e ly  a f t e r  
a c u r r e n t  o f 40 mpjl passed GABA from the e le c tro d e ,  £ A F,
2 and 4 seconds re s p e c tiv e ly  a f t e r  the c e s s a t io n  o f  t h i s  
c u r r e n t .  C a lib ra tio n  -  2mY f o r  a l l  re c o rd s . Time -  msec,
{ ' *  LIBRARY r-
A b-alanine
Fig. 3, A, Upper beam - negative focal potential recorded at
1 second intervals from dorsal horn by the central barrel of 
a five barrel electrode in response to maximal stimulation 
of all fibres of the tibial nerve. Lower beam - current 
flowing through the barrel containing p-alanine.
B* As for A, the lower beam has been displaced and 
records current passing through the barrel containing GABA 
Calibration - 2mY for upper beams, 100 m^A for lower.
Time 5 sec, the individual records being 1 sec apart but of 
approximately 20 msec duration.
10 MSEC
Fig* 4* A -  D S p ike  p o t e n t i a l s  o f  an in te m e u r o n e ,  evoked by
s t im u la t io n  o f  th e  s u p e r f i c i a l  p e ro n e a l n e rv e . The s p ik e s  
a re  imposed upon a n e g a tiv e  f o c a l  sy n a p tic  p o t e n t i a l ,  A 
b e f o r e ,  B d u rin g  and C a f t e r  a c u r r e n t  o f  8QmpA was used  to  
p a s s  p -a la rd n e  in t o  th e  v i c i n i t y  o f  th e  c e l l .  C a l ib r a t io n  2mV, 
Time, msec,
D -  F» S p ik e s  evoked by a p p l ic a t io n  o f  g lu ta m ic  a c id  to  a 
d o r s a l  horn  c e l l  u s in g  a c u r r e n t  o f  50 myiA. T h is  c e l l  was 
f i r e d  o r th o d ro m ic a lly  by im p u lses  in  p e ro n e a l f i b r e s ,  B 
b e fo re ,  E d u rin g  and F a f t e r  a c u r r e n t  o f  80 m|iA p a sse d  
p -a la n in e  from a n o th e r  b a r r e l  o f  th e  same e le c t r o d e .  The r e ­
sp onses were reco rd ed  on moving f i lm  w ith  le s s  th a n  5 msec 
betw een sw eeps. C a l ib r a t io n  -  lrnV, Time; 10 m sec,
Dj l l i ' H 1 l L-LiJ-J-
10 msec
SttCSS
süsssäi
5. Responses o f a s in g le  Renshaw c a l l  to  sy n ap tic  s tim u la ­
t io n  (A -  C) and to io n to p h o re t ic a l ly  a p p lie d  a c e ty lc h o lin e  
(D -  F) recorded  from the  c e n t r a l  b a r r e l  o f a f iv e  b a r r e l  
e le c tro d e , A# D c o n tro l re sp o n ses , 3 # A during a p p lic a ­
t io n  o f  GABA, u sin g  a c u rre n t of 5Q rnpA in  B, 30 impA in  E.
C & F -  10 seconds a f t e r  the  c e s s a tio n  o f the re sp ec tiv e  
a p p lic a tio n s  of GABA* C a lib ra tio n  0*5 mY fo r  a l l  re co rd s .
Time 10 msec,
Pig* 6, I n t r a c e l lu l a r  x> o ten tia ls  recorded  from an FLD m oto-
neurone o f  r e s t in g  p o te n t ia l  55 -  60 mV. KgSC^ e le c tro d e .
A -  D -  maximal s tim u la tio n  o f the  FLD nerv e . £ -  Gi­
s t  im ita t io n  of the  v e n t r a l  ro o t ,  H -  J  -  s t im u la tio n  o f
group I  FLD f ib r e s .  K  -  M -  s tim u la tio n  o f p e ro n ea l n e rv e .
A j  E* H# E c o n tro l  re sp o n ses . C, F ,  I  and L recorded
during  th e  passage o f p -a la n in e  onto the  su rface  of the c e l l ,  
Gr, J  & M recorded  a f t e r  th i s  flow  ceased  (see T ex t). 
C a lib ra tio n s  40 mV fo r  A -  G-. 2mV fo r  H -  J # 2mV f o r  E -  M*
\\ ft i
Time -  A -  J  msec below G-# 10 msec K -  M. A ll  reco rd s  c o n s is t  
o f 20 -  30 superim posed tra c e s  and co n v en tio n a lly  in c re a se d  
n e g a tiv ity  i s  s ig n a lle d  by a downward d e f le c t io n .
Pig» 7 . A* B esting p o te n t ia l  of a, gastrocnem ius c e l l  ch a rted  with 
an in k  re c o rd e r  over a p e r io d  of 26C sec# B — c u rre n t in  mjjA 
p a ss in g  through the o u te r  b a r re l  o f the c o -a x ia l  e le c tro d e  
which con tained  p -a lan ine#  ^ c u rre n t in d ic a te s  the passage  o f  
p -a la n in e  from th e  e le c tro d e . C -  each  p o in t  i s  the s iz e  o f a 
c u r re n t  p u lse  o f  0# 5 msec d u ra tio n  which i s  J u s t  th re sh o ld  f o r  
p ro d u c tio n  ox a d i r e c t  spike response* A* B and C reco rd ed  
sim ultaneously , D, üJ^  P a re  ty p ic a l  reco rd s  from which C h as  been 
drawn, corresponding  re s p e c tiv e ly  to  d , e and f .  Upper beam -  
from the i n t r a c e l l u l a r  e le c tro d e , the  sp ike  being preceded by an 
a r t i f a c t  due to  the c u rre n t pulse# Lower beam -  c u r re n t pulse#  
G—0 - in t r a c e l lu l a r  reco rd s  ob tained  from the c e l l  b e fo re  o r
a f t e r  Ä -  P (See t e * t ) . G, J  & M being c o n tro l an tidrom ic sp ik e t 
m onosynaptic 3ESP and p o ly sy n ap tic  l£SP re s p e c tiv e ly . H, K & N 
recorded  d u rin g  the a p p lic a t io n  of B ~alanine. I ,  L & 0 a f te rw a rd s . 
Time 0 -  6C sec  fo r  A -  C. msec f o r  G -  0*
A B C
TTTTTTTTTTTT
msec
P ig . 8 . Upper beam. P o te n t ia l s  recorded e x tr a c e l lu la r ly  w ith in
the B .S.T . m otonucleus o f th e  L? segm ent, and evoked by
s tim u la tio n  o f the  Group I  f ib r e s  o f the B .S.T . nerve ,
N e g a tiv ity  recorded a s  an upwards d e fle c tio n *
Lower beam, p o te n t ia l s  recorded  from the d o rs a l  su rface
of the L7 segment and evoked by the a f f e r e n t  v o lle y s .
N e g a tiv ity  recorded a s  a downward d e f le c t io n .  A, c o n tro l  
response] B du rin g  th e  passage o f  GABA by c a t io n ic  c u rre n t
o f 100 mp.A from the  e le c tro d e ]  C, lG seconds a f t e r  the
c e s sa tio n  o f  t h i s  c u r re n t .
C a l ib ra t io n , 5CQ jiV f o r  the e x t r a c e l lu la r  re co rd s .
Time* msec. Each reco rd  c o n s is ts  o f 25 superim posed
tra c e s
1 1 1 J
MSEC
CONTROL
GABA
STRYCHNINE
GABA
Pig# 9* T ra c in g  o f p o te n t ia ls  recorded  from  tike BST nucleus in  
response to  v o l le y s  in  the group l a  quadriceps f ib r e s  ( q) 
and the group I  BST f ib r e s .  See te x t .  P u l l  l in e  -  c o n t r o l.  
Broken l in e  -  d u r in g  the a p p lic a t io n  o f  GAEA from  the e le c t ­
rode. D o tted  l in e  -  a f te r  the a d m in is tra t io n  o f  s try c h n in e  
s a l ic y la te  in tra v e n o u s ly *  Dot-Dash l in e  -  d u rin g  the 
passage o f  GABA from  the  e le c tro d e .
P ig , lQt F ocal p o te n t i a l s  recorded  w ith in  the seventh  lumbar seg­
ment by means o f double b a r r e l  e le c tro d e s ,
A -  D -  Recorded in  th e  d o rsa l horn and evoked by maximal 
s t im u la tio n  o f the p e ro n ea l nerve . A fte r  the c o n tro l record  
A, a c u rre n t o f lGO mpA passed  g lu tam ate io n  from the e le c ­
tro d e , B A G  were recorded  12 and 19 sec  L a te r, The an io n ic  
c u r re n t  was th en  te rm inated  and the reco rd  D taken 12 seconds 
l a t e r ,
A -  E -  Prom an o th e r experim ent, recorded w ith in  the v e n tr a l  
horn in  response to  maximal s tim u la tio n  o f the segm ental v e n tra l  
ro o t ,  A fte r  the  c o n tro l reco rd  A, a c u rre n t o f  100 mpA passed  
a s p a r ta te  io n  from the e le c tro d e , P A G  were recorded 18 and 
29 seconds l a t e r ,  The c u rre n t was th en  term inated  and the 
reco rd  H taken  2Q seconds l a t e r ,
V oltage c a l ib r a t io n  -  2mV fo r  a l l  re c o rd s Timer -  5 msec.
AB
0
500 mjiA
0
------H-4HH-HH+
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Pig» 11. A -F , Upper beam -  p o te n t ia ls  reco rded  e x t r a c e l lu la r l y  near 
a s in g le  s p in a l in te rn e u ro n e  lo c a te d  in  the d o rs a l h o rn  o f  th e  
seven th  lum bar segment and f ix e d  o r th o d ro m ic a lly  (o ) by im p u lse s  
in  th e  s u r a l  n e rve . The s e r ie s  a re  c o n tin u o u s  from  A -F  and were 
re co rd ed  on f i lm  m oving p a r a l l e l  to  th e  X a x is  o f  th e  o s c i l l o ­
scope» The o rth o d ro m ic  response i s  shown i n  G- a t  f a s te r  sweep
speed. These responses were re co rd e d  by means o f  th e  c e n t r a l
b a r r e l  o f  a f iv e - b a r r e l le d  e le c tro d e ,  one o th e r  b a r r e l  o f  w h ich  
co n ta in e d  sodium a s p a r ta te .
Lower beam -  in d ic a te s  th e  a n io n ic  c u r re n t  p a s s in g  
a s p a rta te  from  the  e le c tro d e .  The c u r re n t  commenced a t  B i ,  
reached a maximum o f  24-0 mj^A a t  C and th e r e a f te r  was re d u c in g , 
c e a s in g  a t  D A »
V o lta g e  C a l ib r a t io n s ; lmV f o r  upper beam A -F ;
500 rnjiA f o r  lo w e r beam; 
lmV f o r  G.
Time -  sec f o r  A -F ; msec fo rG *
F ig , 121 E x t r a c e l lu la r  resp o n ses  o f  an in te rn eu ro n e  lo c a ted  i n  the 
seven th  lumbar d o rsa l horn  and f i r e d  sy n a p tic a lly  by a v o lley  in  the 
p e ro n e a l nerve . The responses were recorded on film  moving p a r a l l e l  
to  th e Y a x is  o f the  o s c il lo sc o p e , th e re  being  le s s  th an  5 msec be­
tween sweeps. The r a te  o f f ilm  movement i s  in d ic a te d  by the v e r t ic a l  
tim e b a r  to  the  l e f t  o f  A, The res£>onse3 w ith in  the two s e r ie s  A-F 
and G--L a re  con tinuous bu t commence a t  the bottom o f each column so 
th a t  th e  top  o f a column i s  con tinuous w ith  the bottom of the  next in  
l i n e .
The re c o rd s  were made by means o f  one b a r r e l  of a double 
e le c t r o d e ,  the o th e r  b a r r e l  c o n ta in in g  sodium g lu tam a te . Anion was 
p rev en ted  from d if f u s in g  out o f the  e le c tro d e  by means o f  a c a t io n ic  
c u r re n t  o f  30 ipuA» I n  the s e r ie s  A-F an an io n ic  c u rre n t o f 53 myiA 
was passed  fo r  a  time in d ic a te d  by the two s ig n s  ( A ) ,  S im ila r ly  in  
the  s e r ie s  G-^ L a c u rre n t o f  12c mpA was used .
V oltage c a l ib ra t io n ;  ImV
Time h o r iz o n ta l  10 msec.
5 mV
Fig, 15» A - The alteration  in the resting potentia l o f a gastrocnem­
ius motoneurone recorded by means of an electrode containing 0*6ii K«SC4 
which was the inner projecting barrel of a co-axial assembly, The rest­
ing potential of the c e l l  was 68mY over the time recorded. Upward 
deviation indicates depolarisation,
B, -  recorded simultaneously with A and indicates the current 
flowing in the outer barrel of th is  electrode which contained sodium 
aspartate solution. The dotted line indicates zero current, there being 
originally  a cationic current of 2QC mp.A flowing. This was increased 
by 720 mpA (upward arrow) and la ter  reversed so that a to ta l anionic 
current of 520 mfiA passed aspartate from the electrode (downward arrow),
GJ -  K -  in tracellu lar responses recorded from this c e l l ,  C, F, 
Sr. I being control monosynaptic gPSP, polysynaptic IPSP and antidromic 
spike generated by gastrocnemiua nerve, peroneal nerve and ventral root 
stimulation respectively, P, C St J evoked by the same respective 
stim uli but during the depolarisation produced by anionic currents of 5CC, 
520 and 510 rn}iA respectively, 3 , H & K control responses after  the re­
covery o f the membrane potential.
Voltage calibration; 5mV for A above Aj 5mV for C -  3 above C;
2mV for F -  H above F; 20mV for I -  £ above K,
Current calibration -  500 muA for B,
Timer -  sec for A, B below B, msec for C -  3 below 3
10 msec for F - H above H msec for I -  A below
A B C
F
Pig;« 14. a  -  P -  e x t r a c e l lu la r  sp ike  p o te n t ia l s  o f  a Renshaw c e l l
recorded  by means o f  the c e n tr a l  b a r r e l  o f a f iv e  b a r r e l  e le c tro d e  and
photographed on moving f i lm  in  a s im i la r  fash io n  to  P ig . 2 ,
A £  D -  s t im u la t io n  o f  the segm ental v e n tra l  ro o t .
E A 3 -  a p p l ic a t io n  of a c e ty lc h o lin e  u s in g  a c a t io n ic  c u rre n t 
o f 70 mjiAi
C A P -  a p p l ic a t io n  o f g lu tam ate io n  w ith an an io n ic  c u rre n t 
o f 11Q mpA;
A -  C* be f o r e ; D -  F , 50 seconds a f t e r  a c u r re n t  o f  120 m^A was 
used to  pass d ih y d ro -E -e ry th ro id in e  in to  the v ic in i ty  o f  th e  o e l l  
f o r  3 m inu tes. The sp ikes have been retouched fo r c l a r i t y .
Time -  lo msec f o r  a l l  re c o rd s ; f o r  A A D below D#
fo r  3 , C, E , A P below P.
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P ig .  15, P a i r s  o f re sp o n se s  o f  a  s in g le  lienshaw c e l l  evoked bp
d o r s a l  ro o t (A, C, 2 & G) and v e n t r a l  r o o t  (3 , v ,  P & H) v o l le y s .
A, B “ c o n t r o l  r e s p o n s e s ; C & D, E & F , 2g and 4 m in u tes  r e s p e c t iv e ly  
a f t e r  0» 5 mg/kg o f  e s e r in e  was a d m in is te re d  in t r a v e n o u s ly ,  G, H -  
3Q seco n d s a f t e r  lm g/Sg o f  DH£ in t r a v e n o u s ly .
T im er -  10 msec f o r  a l l  re c o rd s .
GLUTACH
gjg§ Sisi l l
^  ^  ^ 2
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F ig , 16. Spike p o te n t ia l s  o f a Renshaw c e l l  recorded  on f ilm  moving 
p a r a l l e l  to  the  Y a x is  o f  the  o s c il lo sc o p e ,  th e re  being  approxim ately 
7 sweeps p e r  second. The columns must be read  from below upwards,
A, E , G-, H ** maximal s tim u la tio n  o f the segm ental v e n tr a l  ro o t,
E, C, D, F -  maximal s tim u la tio n  of the  d o rsa l r o o t ,  the  re sp e c tiv e  
sweeps being  in d ic a te d  by th e  f i l l e d  c i r c l e s .
C# G» -  io n to p h o re tio  a p p lic a t io n  o f a c e ty lc h o lin e  from one
b a r r e l  o f the f iv e  b a r re l  e le c t ro d e ,  the c e n tr a l  b a r r e l  
o f which was used f o r  reco rd in g  the responses*
D, E -  io n to p h o re tio  a p p lic a t io n  o f  g lu tam ate  io n  from an o th er 
b a r r e l ,
Ar  D -  c o n tro l  resp o n ses  b e fo re  DHE a p p lic a tio n *
E -  H -  recorded  17,19,32 & 43 sec a f t e r  0»5 mg/kg o f DHE in tra v e n o u s ly . 
T im er -  lo  mseo f o r  a l l  re c o rd s .
Fig» 17, Spike p o te n t ia l s  recorded  in  tra c e  l l u l a r l y  n ear a Renshaw
c e l l  by means of th e  c e n t r a l  b a r r e l  o f a f iv e - b a r r e l  e le c tro d e ,
A ~ D j - I ~ L ~  maximal s tim u la tio n  o f the v e n tr a l  ro o t 
E -  H, M -  P -  maximal s tim u la tio n  o f the d o rsa l ro o t 
0 , G> K* 0 — io n to p h o re tic  a p p lic a tio n  o f a c e ty lc h o lin e  from one 
b a r r e l  o f the e le c t ro d e ,  (70 rayiA)
DHLP -  io n to p h o re tic  a p p lic a t io n  o f  g lu tam ate io n  from an o th e r b a r r e l  
(100 myiA)
A ** H -  c o n tro l  responses
I  -  P -  30 seconds a f t e r  a c u r re n t o f 120 myA commenced to  p a ss  DHE 
from an o th e r b a r r e l .
Timer -  10 msec. Note th a t f a s t e r  sweep used f o r  
reco rd s  B, F, J  & N.
Fig# 18. E x t r a c e l lu la r  responses o f a Eenshaw c e l l  evoked by an 
a f f e r e n t  v o lle y  in  the v e n tr a l  root# The responses are recorded 
on film  moving p a r a l l e l  to  the J  a x is  of th e  o sc illo sc o p e  and each 
p o r t io n  o f  Hie f ig u re  must be read  from the  bottom to  the to p .
At the  m arker in  A (4 ), ^  -am in o -b u ty ry lch o lin e  was passed  fro n  
the  e le c tro d e  f o r  4 seconds u s in g  a c u rre n t o f 100 mpA# T his m s  
te rm in a ted  a t  the m arker ( 4 ) in  B# The responses o f C were r e ­
corded seconds a f t e r  th e  c e s sa tio n  o f ap p lica tio n *  Time m arker 
IQ msec# Voltage c a l ib r a t io n ,  I  mV#
L10 msec
19« Spike potentials recorded on moving film as in  Fig* 1* 
from a single Hensh&w c e l l  and evoked by ventral root 
stimulation (A, D, G- & J )# by iontophoretically applied 
aoetyloholine (B, B, H & K) and by glutamate ions (C, F,
X & L) •
A, B . 0 -  control responses.
D, EJ F -  15# 7 & 12 seconds respectively a fter  a current 
at IOC m)iA began to pass atropine from one barrel of the 
five barrel electrode. This current flowed for 18 seconds* 
S, H & I -  5# 8 & 21 seconds respectively after th is  current 
ceased*
J, K, L -  3 minutes after the termination o f the application  
of atropine*
Time -  10 msec for a l l  records
ATROPINE
TIME (SEC)
Fig» 2Q. Maximal freq u e n c ie s  o f f i r i n g  of a Renshaw c e l l  evoked
by a p p l ic a t io n s  o f  a c e ty lc h o lin e  ( • )  and glu tam ate io n s  
(0) p assed  io n to p h o re t ic a l ly  from sep a ra te  b a r re ls  o f a 
f iv e  b a r r e l  e le c t ro d e ,  the c e n t r a l  b a r r e l  o f which was 
used f o r  re co rd in g  the re sp o n ses. The a p p lic a tio n s  were 
fo r  p e r io d s  o f 4 seconds, the substances being a p p lie d  in  
tu rn  approxim ately  every  8 seconds» During the time 
in d ic a te d  by the h o r iz o n ta l  b a r ,  a c u rre n t o f 15 mpA 
passed  a tro p in e  from an o th er b a r r e l  o f the e le c tro d e .
A(i>
tu)
2 0  mV
Fig* 21»
F
TTTTTTTTT
msec
it
/ / / / / / ,  *
msec
Besponso3  from a gastrocnemius motoneuron© of resting 
potentia l -  50 to -54 mV» A ll spike potentials are truncated 
and were recorded by the oentral barrel of a co-axial assembly.
( i )  Orthodromic activation produced by stimulating the group I  
afferent fibres of the gastrocnemius nerve ^  the arriving volley 
being recorded ( i i )  a t the dorsal surface of the L7 segment of 
the cord. The threshold of the c e ll is marked by a horizontal, 
arrow. The exo itab ility  of the c e ll was tested by means of a 
current pulse of 0* 3 msec duration ( i i i )  applied through the 
central barrel of the electrode. The size of th is  pulse was 
altered so that in  approximately h a lf the tests a spike potent­
i a l  was evoked ( iv ) .
A, B -  control responses, the size of the orthodromic volley 
being progressively decreased in 3»
Cj D -  45 & 68 seconds respectively a fte r an iontophoretic 
current of 300 mjtA passed atropine from the outer barrel o f the 
electrode, A current of 400 mjiA in  the opposite d irection had 
previously prevented this ion from leaving the electrode,
E, F -  33 and 225 seconds respectively a fte r the atropine applica­
tion was terminated,
Each record consists of 4 -  8 responses a t a frequency of l/s e c , 
the orthodromic and direct spikes being e lio ited  5Q0 msec apart.
C alibration 20 mY f o r  ( i )  and ( iv )
msec f o r  ( i )  & ( i i )  below F ( i i )
msec f o r  ( i i i )  &, ( iv )  below F ( iv )
SPINAL CORO
PERFUSING SOLUTION
EARTH ELECTROOE
RECORDING ELECTRODE ---------
------------- * h
/T ES T SOLUTION
HEAT EXCHANGERSWATER JACKET
RLg« 23. Diagram i l l u s t r a t i n g  the p re p a ra t io n  b a th  used 
in  the toad  cord  ex p erim en ts, viewed from above
and in  c ro ss  s e c tio n
Fig» 24 , R eflex  spike d isch a rg e s  recorded  from ■the v e n tra l  ro o t 
o f th e  2nd and 3rd c e r v ic a l  segments and evoked by s tim u la tio n  o f 
the co rrespond ing  d o rs a l  ro o t .  The in te n s i ty  o f the d o rsa l ro o t 
s tim u lu s  remained c o n sta n t throughout the a e r ie s ,  A, S and I  are 
c o n tro l  resp o n ses; B and C were recorded 30 and 80 seconds a f t e r
the  commencement of p e rfu s io n  w ith  GABA; F and G, a f t e r
•-330 and 75 seconds o f p e rfu s io n  w ith  10 M GABA; J  and K* a f t e r  10
“ * 3and 30 seconds o f p e r fu s io n  w ith  5X10 M GABA; D, H and L were 
recorded  150, 120 seconds and 6 m inutes a f t e r  washing.
Time m arker, msec, V oltage c a l ib r a t io n ,  I  mV,
Fig» 24« R eflex  spike d isch a rg e s  reco rded  from 'the v e n tra l  ro o t
o f  th e  2nd and 3rd o e rv io a l segments and evoked by s tim u la tio n  o f
the correspond ing  d o rs a l  root»  The in te n s i ty  o f the d o rsa l ro o t
stim u lus remained c o n s ta n t throughout the a e r ie s ,  A# £ and I  are
c o n tro l  responses; B and C were recorded  30 and 80 seconds a f t e r
-4the commencement of p e r fu s io n  w ith  5 x 1 0  M GABA; F and C, a f t e r
—3
30 and 75 seoonds o f p e rfu s io n  w ith  10 M GABA; J  and K* a f t e r  10
—3
and 30 seconds o f p e r fu s io n  w ith  5X 10 M GABA; D, H and L were 
recorded  150, 120 seconds and 6 m inutes a f t e r  washing.
Time m arker, mseo, V oltage c a l ib r a t io n ,  I  mV,
GABA
VJLJLJU LJL
100 msec
F ig , 25 . A -  C# R ecordings from v e n tra l  ro o t  o f  2nd and 3rd sp in a l 
segm ents. A ( i )  R eflex  sp ike  d isch a rg es  evoked by d o rsa l ro o t stim u­
la t i o n ,  recorded  -with a m p lif ie r  o f  10 msec time c o n s ta n t, A ( i i )  
in te g ra t io n  of slow v e n tr a l  ro o t p o te n t ia l  evoked by same d o rsa l ro o t 
v o lle y  as  A ( i ) ,  recorded w ith  3 second time c o n stan t a m p lif ie r  and
e l e c t r i c a l  in te g r a to r ,  B ( i )  and ( i i )  sim ultaneous reco rd in g s  a f t e r
—360 seconds o f  p e rfu s io n  w ith  10 VM GABA* C ( i )  and ( i i )  60 seconds 
a f t e r  w ashing,
D -  F , reco rd in g s  from v e n t r a l  ro o t o f 9 th  sp in a l segm ent, evoked by 
d o rs a l  ro o t s t im u la tio n , D ( i )  r e f le x  response recorded w ith  a m p lif ie r  
o f 3 second time c o n s ta n t, D ( i i )  e l e c t r i c a l  in te g ra t io n  o f  th i s  response , 
S ( i )  and ( i i )  reco rded  sim u ltaneously  a f t e r  55 seconds o f  p e rfu s io n  w ith  
10~3M GABA# F ( i ) ,  ( i i )  70 seconds a f t e r  washing. Time m arkers, 100 
msec, fo r  A, B, C beneath  C; 100 msec f o r  D, E, F beneath  F, V oltage
C a l ib ra t io n s ,  2 mV f o r  A, B, Cj I  mV f o r  D, E , F.
GABA
i
\J nun
100 msec
F ig ,  26 . In te g ra te d  p o te n t ia ls  re co rd e d  from  the v e n t r a l  r o o t  o f
2nd and 3 rd  s p in a l segments and evoked bp d o rs a l ro o t  s t im u la ­
t io n .  A , D and G, c o n t r o l  responses ; £ ,  £  and H , responses 
reco rded  50 seconds a f t e r  the commencement o f  p e r fu s io n  o f  
5 y l 0 ^ M ,  5 x l o ’*^M# and 10~“ M GABA th ro u g h  the b a th * C, F 
and I  reco rded  45 seconds, 90 seconds and 140 seconds re s p e c t­
i v e ly  a f t e r  w ash ing  GABA s o lu t io n  fro m  the b a th * Time m arker
100 msec*
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Fig» 27» Llagnitude o f the d ep ress io n  o f the  in te g ra te d  v e n tr a l  
to o t  r e f le x  response produced by a s e r ie s  o f  concentra­
t io n s  o f  OABA# and recorded  from th e  same p re p a ra tio n  as 
F ig . 26, O rdinate* percen tag e  decrease  in  the in te g ra te d  
respo««** Abscissa* concentration  o f GABA in  p e rfu s in g
s o lu tio n . A H  a p p lic a t io n s  were o f  50 seconds d u ra tio n
and a re  numbered in  the sequence of te s t in g ,
GABA 10 * M GABA IN KCI
FREE SOLUTION
KCI FREE 
SOLUTION
MINUTES
28 , V a ria tio n s  i n  th e  p o te n t i a l  le v e l  (n e g a tiv ity  upwards) in  
the v e n tr a l  ro o t o f  a lumbar p re p a ra t io n , recorded between a 
s i l v e r - s i l v e r  c h lo r id e  e le c tro d e  on the ro o t and a s im ila r  
e le c tro d e  in  the b a th . At the arrow s (A ), (B) and ( c ) ,
and p o ta ss iu m -free  p e rfu s io n  s o lu t io n ,  r e s p e c t iv e ly ,  were 
passed  through the ba th , The a p p lic a t io n s  were o f 3 m inu te , 
2 minute and 2 minute d u ra tio n  re s p e c tiv e ly  and in  each  case 
te rm in a ted  a t  the second arrow ( w ) ,  Time, m inu tes.
V oltage c a l ib r a t io n  I  mV,
A
15 MINUTE 
6AP
NEMBUTAL 
1: 1 0 . 0 0 0
BABA
BABA
B
NEMBUTAL
1: 10.000
MINUTES
Fig« 29» P o te n t ia l  v a r ia t io n s  (n e g a tiv ity  upwards) recorded
as  in  F ig . 28* A and B i l l u s t r a t e  the  p o te n t ia l  changes evoked
by GABA before  and d u ring  p e rfu s io n  o f  the p re p a ra tio n  w ith
-•3p e n to b a r b i ta l  sodium (nem butal) so lu tion*  (A) IO M GABA was
p e rfu sed  through b a th  between th e  1 s t  p a i r  of arrows (2 m inutes)
—3and 2 x 10 ’ M GABA between the  second p a i r  o f  arrow s, 1:10*000 
Nembutal was then  p e rfu sed  con tinuously  through the b a th , 8 and 
26 m inutes a f t e r  the  commencement o f nembutal a p p lic a t io n  2 X  10 °M
GABA was ap p lied  (3 rd  and 4 th  p a i r s  o f  a rro w s),
—2(B ), 10 M GABA a p p lie d  b e fo re , and 7 and 14 m inutes a f t e r  the
o n se t o f  p e rfu s io n  w ith  1 :10 ,000 nem butal. The f i r s t  and second 
a p p l ic a t io n s  were o f  1^ m inutes d u ra tio n  and the th ir d  o f 3 
m inu tes duration*  Time* minutes* V oltage c a l ib r a t io n ,  I  mV*
5 X10”4 M
10 sec
5Q» ( i )  P o te n t ia l  v a r ia t io n s  (n e g a tiv i ty  upwards) recorded
on moving film  from the v e n tra l  ro o t o f a c e r v ic a l  p rep a ra ­
t i o n ,  u s in g  a PC a m p lif ie r .
( i i )  Records made sim ultaneously  from the same v e n t r a l
ro o t b u t w ith  a sh o r t  (5 msec) time co n stan t a m p lif ie r .
-4A* Commencing a t  f i r s t  arrow , 5 X 10 M L-glu tam ic acid  was 
p e rfu sed  through the ba th  fo r  55 seconds and washed a t  second 
arrow ,
—3B. S im ila r  a p p l ic a t io n  f o r  28 seconds o f  5X10 M L-glutaraic 
a o id .
Time m arker, 10 seconds. V oltage c a l ib r a t io n ,  2 mV.
3XI0-4 5XI0-4M
CONCENTRATION
Fig, 31. Magnitude of potential changes evoked by a range of
concentrations of L-glutamic acid^ recorded in an experiment 
similar to that of Fig* 30* Ordinate; magnitude of potential 
shift evoked.
Abscissa; concentration of L-glutamic acid. Applications were
all of 45 seconds duration
4L-GLUTAMATE ZX IO ^M
3XIOW*
mi n
F ig , 5 2 , P o te n t ia l  changes recorded  w ith  a DC a m p lif ie r  and paper
re c o rd e r  from the  v e n t r a l  root o f  a lumbar p re p a ra tio n , The d o rsa l 
ro o t  was s tim u la ted  con tinuously  a t  3 /n in u te  during  a l l  reco rd s,
A, B and C# a t  the f i r s t  arrow in  each record  L -glutam ic acid a t  
c o n ce n tra tio n s  of 2 x  10 M# 3X lO  M o r  5* 10 *M was p e rfu sed  
through the bath  fo r  p e rio d s  2 #2 and 1~- m inutes re s p e c tiv e ly .
The bath  was washed o u t a t  the second arrow ,
—3D, At the  f i r s t  arrow  5X 10 M GABA so lu tio n  was p e rfu sed  through 
the bath  fo r  th ree  m in u tes , be ing  washed out a t  the second arrow , 
Time m arker, m inu tes.
O -  AMINO-NON AN 01C 
ACID \0~Z M
WASH
1 MINUTE
Fig> 33» P o te n t ia l  v a r ia t io n  (n e g a tiv i ty  upw ards),recorded  from the
-2v e n tr a l  ro o t ,  evoked by 10 to-sxninorionanoic a c id , ap p lied  fo r  
90 seconds*
Time, 1 minute* V oltage c a l ib r a t io n ,  I  mV.
A B C D
^ 1 1 —  i
g l u t a m a t e
_ K - ^
E F . , G H
r i D D i r u mw A n B A w n U L
1 J K L
100 msec
a * ,. w .
ACH.
Fig» 54, Records o f  v e n t r a l  ro o t r e f le x  responses o f  a lumbar p re ­
p a ra tio n  evoked by d o rs a l  ro o t s t im u la tio n ,
A ~ D, r e f l« x  responses recorded  b e fo re , 50 seconds a f t e r  the 
commencement o f p e rfu s io n  o f 10 M L-glutam ic a c id , and 10 & 60 
seconds a f t e r  washing i t  from the b a th ,
E -  H, r e f le x  resp o n ses  b e fo re , a f t e r  52 and 54 seconds o f p e r -
—3fu s io n  w ith  10 M oarbaohol and 3 m inutes a f t e r  i t s  removal from 
the b a th ,
I  -  Lj r e f le x  responses b e fo re , a f t e r  18 seconds and 2 m inutes o f
“ 3p e rfu s io n  w ith  10 M a c e ty lc h o lin e  and 2 m inutes a f t e r  w ashing i t  
from th e  b a th . Time m arker, 100 msec. V oltage c a l ib r a t io n ,  2 mV*
A B C D t
CARBACHOL 
2XIO V
t
5 X 10 -6 M " 5 X . 0 - 5 «
-4
5X10 M
E F 2 MINJK*p r o s t i g m i n 5 mV
ACH. 10'3 M ACH. I 0 ‘3 M
Fig, 35. Potential variations (negativity upwards) recorded from the 
ventral root of a lumbar preparation,
_ ß  g
A, B, C, D, are the potential charges evoked by 2 X 10 M, 5X10 M, 
—5 — -45X10 M, and 5 x l o  M carbaminocholine chloride (carbachol) solu­
tions respectively. All applications, as denoted by arrows, were 
of 1 minute duration*
—5E and F,are the responses evoked by 10 M acetylcholine bromide,
applied for 1 minute* Between recordings E and F the preparation
—5was perfused for 15 minutes with a 2 X lo M prostignine bromide 
containing solution.
Time marker, 2 minutes* Voltage calibration, 5 mV*
j J t o a *  2 mV/ V
ACETYL-  B- METHYLCHOUNE PR OPION YLCHOLIN E
1 0  M'N
Fig» 56. A, B, C and D are the p o te n t i a l  changes (n e g a tiv i ty  upwards)
-4
evoked in  th e  v e n tra l  ro o t o f a  lumbar p re p a ra tio n  by 2 * 5 X 10 M 
c o n c e n tra tio n s  o f carbam inocholine (c a rb a c h o l) , u ro c a ry lo h o lin e , 
ace ty l-B -m eth y lch o lin e  and p ro p io ry lc h o lin e , ap p lied  fo r  !>_, l j ,  
l i  and 2 m inutes re sp ec tiv e ly *  Time m arker, 10 m inutes.
Voltage c a lib r a tio n , 2 mV*
Fig« 37. P o te n t ia l  v a r ia t io n s  in  the v e n tra l  ro o t o f  a lumbar
p re p a ra t io n  evoked in  each case by the a p p lic a tio n  fo r  I  m inute of
— 5a 5X 10 M so lu tio n  o f carbam inocholine, A, D and G- a re  c o n tro l
re sp o n ses , B, response subsequent to  14 m inutes o f p e rfu s io n  w ith
-5a 5X 10 M so lu tio n  o f  d il^ y d ro -3 -e iy th ro id in e  (DHE), C, response
14 m inutes a f t e r  washing DUE from the  b a th , E , response subsequent
—5
to  14 m inutes p e rfu s io n  w ith  5X 10 M hexamethoniun (C^) and F the
response 12 m inutes a f t e r  washing from the b a th . In  H, recorded
—5a f t e r  14 m inutes o f p e rfu s io n  w ith  5X 10 M a tro p in e  s u lp h a te , the 
carbam inooholine f a i l e d  to  evoke a^y resp o n se , I  was recorded  I  
hour a f t e r  washing a tro p in e  from the b a th . Time m arker, 5 m inu tes. 
V oltage c a l ib r a t io n ,  2 mV*
ADRP
VRR
D
DRP
VRR
G
iu - - I
L L L L L L
lmV
uk*uL
100 msec
L-GLUTAMATE 
2 X fO"3
I
10 sec
F i z . 5 0 . Legend on next page*
Fig» 38. DEP: p o te n t ia l recorded from the dorsal root o f 8th  
sp in al segment and evoked by stim ulation  o f  dorsal root 
of the 9th  sp in a l segment,
VRR: sim ultaneously recorded r e f le x  discharge in  ventral 
root o f  8th  sp in a l segment, ( i e ,  evoked by a fferen t v o lley  
in  DR* (9 ) ,
A, co n tro l dorsal and ventral root responses; B was re­
corded X minute a fter  commencement o f  perfusion  w ith
—32X 10 M GABA; C» responses 2 minutes a f te r  washing; D.
co n tro l response*1; 3» responses a fte r  45 seconds o f per-
—3fu sion  with 2X 10 M L-glutamic acid; F, responses 2 
minutes a fte r  washing, G* p o te n tia l va r ia tio n  in  the doi>- 
s a l root (n eg a tiv ity  upwards) recorded between a s i lv e r -
s i lv e r  chloride e lectrod e  on the root and a s im ila r  e le o -
—3trode in  the bath. At the f i r s t  arrow, ?}C 10 "M ]>glutam ic 
acid was perfused through the bath and was washed out 16 
seconds la te r  (second arrow).
Time marker, A-F, 100 msec beneath C and F,
G, 10 seconds,
Voltage c a lib r a tio n s , DRP, 2 mV above F,
VKR, I  mV above F,
1 mV
\ - l  l I »  ^ j p
loo msec
Fig» 59. VEHDKP# The p o te n t i a l  evoked in  the d o rsa l ro o t (9 th ) by 
s tim u la tio n  o f the v e n tr a l  ro o t o f the same segment,
DEP. The p o te n t ia l  evoked in  d o rsa l ro o t o f 9 th  sp in a l seg­
ment by s tim u la tio n  o f d o rs a l  ro o t o f  8 th  s p in a l  segment.
-5A* C on tro l re sp o n ses; B. a f t e r  4 m inutes p e rfu s io n  w ith  10 M
a c e ty lc h o lin e  brom ide; C. 4  m inutes a f t e r  washing; D, a f t e r  2
-*3m inutes p e rfu s io n  w ith  10 M ACh; E , 12 m inutes a f t e r  washing,
F. C ontro l re sp o n ses; C, responses a f t e r  p#£fusion  f o r  2
m inut#s « life oarbam inocholine (c a rb a c h o l) ; H. recovery  8
—3
m inutes a f t e r  washing; I ,  2 m inutes o f  p e rfu s io n  w ith  10 M 
carb ach o l; J ,  22 m inutes a f t e r  washing. Time m arker, 100 msec. 
V oltage c a l ib r a t io n ,  I  mV f o r  VB.-DEP above J ,  I  mV f o r  DBF above
J .
A
VR-DRP
B
e s e r i n e
2*5 X IO"5 M
DRP
VRR
C D [2mV
10 msec
F ig , 4Q. Responses recorded  from d o rs a l  and v e n tr a l  ro o ts  o f 9 th  
s p in a l  segment of co rd , VR-DEP and DRP are  the p o te n t ia l s  
recorded  from d o rs a l  ro o t fo llow ing  s tim u la tio n  o f  correspond­
in g  v e n tr a l  ro o t  and a d ja c e n t (8 th ) d o rs a l  ro o t  re s p e c tiv e ly ,
VRR i s  response recorded  from v e n tr a l  ro o t o f segment a f t e r  
s tim u la tio n  o f 8 th  d o rsa l ro o t ,
A, C on tro l resp o n se ; B, response a f t e r  p e rfu s io n  f o r  3
-5m inutes w ith  2 ,5 x 1 0  M e se r in e  s a l i c y la te ;  C, response a f t e r  
a  f u r th e r  12 m inutes o f p e rfu s io n  w ith  the e s e r in e  so lu tio n ;
D,  recovered re sp o n ses , 70 m inutes a f t e r  washing. Time m arker,
100 msec fo r  VR-DEP and DEP, 10 msec fo r  VRR, Voltage c a l ib r a ­
t io n s . VR-DEP, 2 mV; DEP, 2 mV; VER 1 mV,
V
* : V}
A ß C D
VR-DRP
DHE
IO"e M IO"*M
VRR JNau*** Ji^ *.... -  I
\-\_V_V_AJl_
100msec
Fig» 41, Responses recorded  from 9 th  s p in a l segment* See F ig . 40 
fo r  d e sc r ip tio n  o f  term ino logy . A, C ontro l responses; B, 
responses a f t e r  10 m inutes p e rfu s io n  w ith  10 M d ity d ro -B - 
e iy th ro id in e  (DHS)j G, a f t e r  a f u r th e r  10 m inutes o f  p e r -  
fu sion  w ith  10 M DHE; D, responses 3 hours a f t e r  washing 
when VR-DRP had reoovered*
Time m arker, 100 mseo. V oltage c a l ib r a t io n s ,  VR-DKP, I  mV; 
DEP, 2 mV; VRR, I  mV.
WASH ninnnininiiiiimiini;i
10 msec
\_ \_ U _ U _
[ I mV
io msec
Fig» 42, Eesponses recorded from  d o rs a l and v e n tra l ro o ts  o f  9 th
segment o f  3 p in a l co rd , See Fig» 40 f o r  d e s c r ip t io n  o f  te rm in ­
ology» A, B and C, responses b e fo re , 15 m inutes a f t e r  onset o f
—5p e r fu s io n  w ith  10 M d i^ d r o - B - e iy th r o id in e ,  and 2t  hours a f te r
washing, D, S and F , responses b e fo re , 15 m inutes a f te r  onset
-4o f  p e rfu s io n  w ith  10 M a tro p in e  su lp h a te , and 2 hours a f te r  
washing. Time m arkers, VB-BEP, (A , B , C) 10 msec beneath C;
(D, E , F) 10 msec beneath F; DHP, (A, B, C) ICO msec beneath C; 
(D, E , F) 10 msec beneath F; VRR, 100 msec beneath F»
Voltage c a l ib r a t io n s ,  VR-DKP, I  mV; DEP, X mV; VER, I  mV.
Fig» 45. Responses recorded  from d o rs a l  and v e n tra l ro o ts  of 9 th  
segment o f s p in a l co rd . See Fig* 40 f o r  d e sc r ip tio n  o f 
term inology,
A, 33 and C, resp o n ses  be fo re  ,  a f t e r  12 m inutes o f p e rfu s io n
-5w ith  10 M d -tu b o cu ra rin e  c h lo r id e , and I  ho u r a f t e r  washing, 
when the VR-DPP had f u l ly  recovered .
Time m arkers, VP-DRP, DEP and VRE, 1Q0 msec.
Voltage c a l ib r a t io n ,  VEHDBP, I  mV; DEP, 2 mV; VRE, I  mV.
Fig» 4-4, Responseg recorded from d o rs a l  and v e n tr a l  ro o ts  o f 9 th  
segment o f s p in a l  co rd . See P ig . 40 fo r  d e s c r ip t io n  of 
term inology,
A, C on tro l re sp o n ses; B, responses a f t e r  p e rfu s in g  fo r  12 
-5m inutes “w ith  10 M d -tu b o o u ra rin e  c h lo r id e ; C* a f t e r  f u r th e r
Ip e rfu s io n  fo r  3 m inutes w ith  1C M d -tu b o c u ra rin e ; D, 1~ 
hours a f t e r  washing th e  tu b ccu ra r in e  from bath..
Time m arkers, VR-DEP and DKP, 10 msec; VRR, 10 msec.
Voltage c a l ib r a t io n s ,  VE-DRP, 1 mV; DEP, 2 mV; VHE, 2 mV,
